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Executive Summary
In this project, five jobs related to muskellunge and tiger muskellunge stocking
evaluations were conducted over a seven year period. Those jobs were: 1) size specific
survival of muskellunge (Esox masquinongy) and tiger muskellunge (LE.m. x E. lucius)
2) effect of rearing techniques on esocid survival 3) laboratory and pond experiments
evaluating mechanisms influencing esocid growth and survival 4) growth and food
habits of muskellunge and tiger muskellunge and 5) assessment of different genetic
stocks of muskellunge.
In Job 1, we examined survival and predation mortality of three sizes of
muskellunge fingerlings after stocking. Small (100 mm), medium (200 mm) and large
(250 mm) fingerlings were introduced into each of three reservoirs over three years.
Fall survival based on population estimates and electrofishing catch per unit effort was
lowest for small fingerlings and increased with fingerling size. Across all reservoirs,
survival of large fingerlings was 2-3 times that of medium fingerlings. Predation by
largemouth bass (Micropterus salmoides) decreased with fingerling size at stocking. In
Job 4, we evaluated growth and food habits for different sizes of muskellunge. Both
foraging success and growth of stocked fingerlings were correlated with prey density.
In contrast, prey species utilization did not appear to influence foraging success or
growth. Because of their earlier stocking time, medium fingerlings achieved a greater
size than large fish through the first fall when prey density was high, but not when prey
density was low. Cost/benefit analyses showed large fingerlings to have the lowest
cost per survivor. To maximize survival, growth, and cost-effectiveness, we
recommend stocking large muskellunge fingerlings in systems with high prey densities
and low densities of largemouth bass.
We also conducted simulations with a bioeconomic model to evaluate survival
and cost/benefit for various sizes of muskellunge stocked in Illinois impoundments.
Simulations evaluated the effect of several largemouth bass size distributions and
densities on esocid growth rates and survival (as a function of unit cost).
Relationships between survival and cost were affected by bass size distributions and
densities for tiger muskellunge, but not for muskellunge. Evaluations of the importance
of growth rates on survival/cost suggest forage base might be a more important
consideration for tiger muskellunge than for muskellunge. We also evaluated the
success of alternative stocking dates for different sizes of muskellunge and tiger
muskellunge. Time of stocking was more important for smaller fish than for larger fish.
For tiger muskellunge, optimal sizes shifted to smaller sizes as fish were stocked later
in the year, likely because predation mortality decreases as water temperatures cool.
Model results also suggest rearing techniques can have important effects on benefit
cost relationships. Simulations from the bioeconomic model are useful in determining
trade-offs between costs of rearing and size at stocking for individual impoundment
characteristics. The current version of the bioeconomic model allows evaluation of the
effects of bass density and size distribution, thermal stress at stocking, forage base,
and thermal regime on survival/cost of stocked esocids. Additional simulations with the
bioeconomic model can be used to make management recommendations regarding
stocking of esocids in lakes throughout Illinois.
In Job 2 and 3, we first evaluated direct and indirect effects of feeding
experience (minnow versus pellet rearing) on susceptibility to predation and survival of
esocids. We conducted five experimental stockings of equal numbers and similar sizes
(200 mm) of experienced (minnow-fed) and naive (pellet-fed) muskellunge (N=2) and
tiger muskellunge (N=3) in reservoirs. Experienced esocids exhibited higher fall
survival than naive fish of both taxa. Feeding experience indirectly affected survival as
predation by largemouth bass was higher on naive esocids. In contrast, pond
experiments.showed no differences in vulnerability to predation between the two
groups. Examination of potential mechanisms in field and laboratory experiments
suggested predation vulnerability was not affected by differences in habitat selection,
foraging behavior, antipredatory behavior, or dispersal. Color pattern between
minnow- and pellet-fed fish differed in both absolute color and contrast between light
and dark markings, which may influence susceptibility to predation. In Job 4, feeding
experience had no direct influence on prey consumption and growth. Our results
suggest feeding experience can affect survival of introduced fish. Length of time of
feeding on live fish prior to stocking may be important. Fish in this study were
converted to a minnow diet one month prior to stocking. A shorter acclimation time
would reduce costs, but may also increase vulnerability of esocids to predation.
We also completed four reservoir stockings to compare survival of tiger
muskellunge and muskellunge reared under the same conditions. Results from these
stockings showed substantially higher survival of muskellunge than for tiger
muskellunge. In Job 4, we found few differences between esocid taxa in growth or food
habits. Based on these results, it appears that muskellunge survival will be superior in
most situations. These results suggest muskellunge should be the choice for stocking
in most impoundments.
Exposure to minnows can also be accomplished by rearing esocids in ponds
with minnows. The pond environment may provide additional benefits for survival. We
compared survival between intensive pellet reared and extensive minnow reared
muskellunge in two reservoir stockings. In the first stocking, survival was similar
between fish reared by those two methods. In addition, extensively reared
muskellunge had more stomachs containing food and mostly ate gizzard shad, while
intensive muskellunge relied on other forage. Results from this one stocking show
better growth and food conversion by extensively reared fish. Unfortunately, results
were inconclusive from a second stocking. Disease problems with extensively reared
fish in the second year may have affected survival rates. Future experiments will need
to be conducted to evaluate the relative benefits of these two rearing techniques.
These comparisons will become increasingly important if attempts are made to rear
muskellunge in troughs. Finally, we examined the feasibility of exposing tiger
muskellunge and muskellunge to largemouth bass predators before stocking in order to
increase survival. Based on our comparisons in the laboratory, pond experiments, and
in reservoir stockings, predator acclimation does not appear to be a viable technique
for reducing predation rates for stocked esocids. We found no substantial increase in
survival rates using these techniques.
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In addition to results presented elsewhere for Job 4, we also evaluated growth
and food habits for tiger muskellunge and muskellunge. Regardless of rearing type or
species, stocked esocids relied mostly on abundant and appropriately sized gizzard
shad. In Illinois reservoirs, stocked esocids will be most successful in systems with a
clupeid rather than a centrarchid-dominated forage base.
In Job 5, performance characteristics of different genetic stocks of muskellunge
were evaluated for potential stocking in Illinois impoundments. We conducted
laboratory evaluations of food consumption, growth, ad metabolic rate as functions of
water temperature (5-27.5°C) to examine how the young of year in six populations of
muskellunge (Kentucky, Minnesota, New York, Ohio, St, Lawrence, and Wisconsin)
from three drainages might perform under various thermal regimes. Relative food
consumption (g -g-1 d') and growth (g * g-1 d"1) were similar among populations at
lower temperatures (5 and 10oC), but at higher temperatures (15-27.5 0 C), fish from
Wisconsin and Ohio had higher consumption and faster growth rates than fish from
Kentucky and the St. Lawrence River. Metabolic rates increased with temperature from
0.08 mg 02 g 1 * h' at 50C to 0.25 mg 02 "g"1 - hW' at 25°C, but few differences in
metabolic rates were observed among populations at any temperature. Although we
found bioenergetic differences among muskellunge from these populations, they could
not be explained solely in terms of thermal adaptation or previously defined genetic
groupings. Evaluations of long-term differences in growth and survival among
muskellunge populations were conducted in ponds. While growth of Minnesota fish
followed a pattern different from that of fish from the other three populations, after more
than one year in ponds, fish from all four populations were similar in length and weight.
Survival following final pond draining was highest for Wisconsin muskellunge (9%),
followed by Minnesota (7%), Ohio (1%) and Kentucky (0%) fish.
While inconsistent with either thermal adaptation or genetic hypotheses,
differences we observed among populations have important implications for
conservation of native muskellunge populations, as well as for introduction of
muskellunge into waters where they do not naturally occur. Previous genetic work has
suggested that management programs which supplement natural populations with
hatchery-produced individuals may compromise the genetic integrity of those
populations. Mixing of populations with different physiological characteristics may also
have negative consequences, and the long-term effects of supplementing natural
muskellunge populations with hatchery fish need to be considered before such
introductions are made. Muskellunge are introduced in Illinois where they have not
previously occurred; in these situations, knowledge of population differentiation will be
useful in planning stocking programs. Growth differences we observed among age-0
muskellunge may affect initial survival. We have shown that the population with the
fastest growth will vary depending on specific thermal regimes, suggesting that the
temperatures of recipient waters be considered in choosing the most appropriate
population for introductions of muskellunge. In addition to age-0 survival and growth,
characteristics of adult fish may differ among populations. Additional evaluation of
variation in these life history attributes in reservoirs needs to be conducted before
recommendations can be made concerning the appropriateness of muskellunge
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populations for use in given management application. Parameters that need to be
evaluated include temperature tolerance (preferred and lethal), growth rates (time to
reach trophy size, maximum final size, size at first reproduction), distribution of energy
intake to reproductive versus somatic growth, and longevity/survival. Knowledge
concerning all of these traits will help to better define individual populations and their
potential value for stocking in Illinois. In addition, future development of bioenergetic
models using data obtained in laboratory experiments will allow us to predict growth
rates of different muskellunge populations in Illinois waters with a variety of thermal
regimes and containing different forage fish populations, providing a valuable tool for
managing muskellunge in Illinois.
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JOB 101.1 Size specific survival of muskellunge and tiger muskellunge
Objective: To compare survival and conduct benefit/cost analyses using a
bioeconomic model for various sizes of muskellunge and tiger muskellunge stocked in
Illinois impoundments.
Introduction: Survival rates for esocid fingerlings stocked into reservoirs can be
extremely variable (Stein et. al. 1981; Johnson 1982; Wahl and Stein 1993). The sizes
that esocids must be reared to attain acceptable rates of survival is largely dependent
upon system specific characteristics such as forage species abundance and size,
predator density and size distribution, and thermal regime. In this job, we evaluate the
relative survival of 4, 8 and 10 inch muskellunge and tiger muskellunge stocked into
impoundments, and assess the effects of predator populations and prey resources on
survival. Results were then used to improve and test a bioeconomic model developed
by Wahl and Stein (1990). The current model version allows evaluation of the effects
of bass density and size distribution, thermal stress at stocking, forage base, and
thermal regime on survival rate per unit cost of stocked esocids.
Procedures: Methods for assessing relative survival of stocking 4, 8, and 10 inch
muskellunge are given in Appendix A, Szendrey and Wahl 1996, Size-specific survival
and growth of stocked muskellunge: effects of predation and prey availability, published
in the North American Journal of Fisheries Management, 16:395-402.
We developed a bioeconomic model to evaluate the trade off between esocid
survival and stocking size to predict the most cost-efficient size to stock muskellunge
and tiger muskellunge. The simulation model incorporates size-specific mortality,
growth, rearing costs, size at stocking, and time of stocking. We developed regression
equations for use in the model that predict predatory mortality, thermal mortality, and
costs of rearing for each esocid.
An index of predation risk was first developed, and incorporates esocid size at
stocking, esocid growth, bass density, bass size distribution, and water temperature to
predict predatory mortality due to largemouth bass (Wahl and Stein 1988). Predatory
mortality on esocids was unrelated to percent empty stomachs (a measure of
abundance of alternate prey) in reservoir experiments. Bevelhimer et al.'s (1985)
bioenergetics model was used to grow the esocids through time. Data presented by
Carline et al. (1986) and Wahl and Stein (1989a) provided information on bass density
and size distribution to predict predatory mortality. Daily indices of predatory mortality
were calculated as in Carline et al. (1986) using data on esocid size, esocid growth,
bass density, bass size distribution, and water temperature. These daily values were
summed to give cumulative values over the first 30 d following stocking (the period of
most predatory mortality, Wahl and Stein 1989a). We then fit regression functions to
predict predatory mortality as a function of our cumulative index of predation risk as:
P = 77.66 (1-e .-0o.o0049(IPR)) for tiger muskellunge, and
P = 19.53 (1-e -0 .0296(IPR)) for muskellunge,
where P = predatory mortality (percent of initial number stocked) and IPR = cumulative
index of predation risk. For tiger muskellunge in the 100-300 mm range, data were
provided by Carline et al. (1986) and Wahl and Stein (1989a). We used the same
functional relationship to fit a smaller data set for muskellunge. Sample size for
muskellunge were limited but represent the best available data for this taxon.
We next developed regression equations to predict esocid mortality due to thermal
stress at stocking. These data were used to predict esocid mortality as a function of
water temperature at stocking as:
Y = -522.5 + 20.39 (X) for tiger muskellunge, and
Y = -582.5 + 21.93 (X) for muskellunge,
where Y is percent mortality for each taxa and X is water temperature at stocking in
degrees Celsius. These regression equations are appropriate only at water
temperatures greater than 250C; below 25°C mortality at stocking due to thermal
stress is negligible. With these equations, we simulated the effect of various stocking
times and thermal regimes on survival of both esocids.
Costs of rearing data were analyzed by linear regression as functions of esocid
taxa and size as:
Y = -0.2054 + 0.0020 (X) for tiger muskellunge, and
Y = -1.0556 + 0.0171 (X) for muskellunge,
where X is total length (mm) and Y is total direct cost ($) per individual. These cost
relationships are appropriate for esocids in the 100-300 mm total length range. Costs
per individual increase at a significantly faster rate for muskellunge than for
muskellunge in the initial model.
The esocid bioeconomic model incorporates a bioenergetics model, which
simulates esocid growth. The bioenergetic model is taken from Wahl and Stein (1990):
G = C - (M + F +U)
where G=specific growth rate (g/g/day), C=specific rate of food consumption,
M=specific rate of metabolism (including inactive, active, and specific dynamic action),
F=specific rate of egestion, and U= specific rate of excretion. Each parameter is
described by mass and temperature dependent functions. Food consumption can also
be determined as a proportion of maximum consumption, ranging from 0 to 1.0.
The model is interactive, requiring user input for several variables, including esocid
species (muskellunge, tiger muskellunge), initial mean length and weight of stocked
fish, date of stocking, temperature, food consumption (P), bass density and size
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distribution, and caloric value of prey. The user specifies the number of days the
model is to run, and for each day, the model calculates growth and survival (based on
an index of predation risk, IPR) for an esocid distribution. The model also incorporates
hatchery cost data, which describe the cost ($) for rearing fish to the size stocked.
From these data, a survival/cost ratio is given, with higher ratios representing the most
cost effective size to stock based on system variables.
We used the bioeconomic model to evaluate several scenarios associated with
stocking muskellunge and tiger muskellunge. These include effects of largemouth bass
abundance and size structure on survival/cost relationships, forage base, stocking
date, and rearing technique. We evaluated the effect of three bass size distributions
(high mortality, low mortality, and size limit) on cost/benefit relationships. Bass size
distributions included a high mortality lake, low mortality lake, and a lake with a size
limit. The largemouth bass population for the high mortality lake had fewer large bass
than the low mortality or size limit lake.
Findings: Results of expej nents evaluating factors influencing relative survival of 4,
8, and 10 inch muskellunge are reported in Appendix A, Szendrey and Wahl 1996.
Model simulations suggest largemouth bass density and size distributions affect
stocking strategies for tiger muskellunge more than for muskellunge. Based on model
simulations, tiger muskellunge can be economically stocked at small sizes only at low
bass densities (<5/ha), whereas small size muskellunge can be economically stocked
at all bass densities (Figure 1). Largemouth bass size distributions also affected
benefit/cost relationships for tiger muskellunge more than for muskellunge (Figure 2).
To evaluate the effects of different forage base on growth of muskellunge and
tiger muskellunge, we conducted simulations varying the proportion of maximum
consumption (P= 0.5, 0.75, and 1.0). Lower P values (0.50) represent growth that may
occur in a bluegill dominated system, while higher values (P=1.0) represent faster
growth in a gizzard shad system. For all sizes of muskellunge and larger tiger
muskellunge (> 180 mm), survival/cost is unaffected by consumption rate (Figure 3).
However, for smaller tiger muskellunge (<240 mm), survival/cost would be higher in
lakes with faster growth than in slower growth. These results suggest that forage base
might be more important for maximizing survival/cost for tiger muskellunge than for
muskellunge.
To assess whether stocking esocids on other dates may provide better cost
benefit relationships based on size of the fish, we simulated stocking of six sizes (100,
125, 150, 180, 240, and 300 mm) of juvenile esocids on three dates in the fall (August
1, September 1, and October 1). These simulations allowed us to assess the size and
stocking date combination that provided the highest survival rate per cost. For larger
tiger muskellunge (240 and 300 mm) and all sizes of muskellunge, time of stocking did
not change survival rate per cost relationships (Figure 4). For tiger muskellunge,
optimal sizes shifted to smaller sizes as fish were stocked later in the year. For
example, optimal size was 240 mm for fish stocked on August 1, but decreased to 180
mm for the October stocking. Also, simulations indicate that later stockings increase
survival rates for smaller tiger muskellunge (100-180 mm), most likely because of a
decrease in largemouth bass consumption due to cooler water temperatures. However,
the food consumption rate by esocids used in these simulations was 75% of maximum.
This rate may be too high as many prey, such as gizzard shad, may have outgrown
vulnerability to predation by fall.
To evaluate some of the trade-offs associated with raising muskellunge on
pellets, we ran simulations replacing muskellunge cost of rearing with those of tiger
muskellunge for six sizes of fish (100, 125, 150, 180, 240, and 300 mm). Pellet diets
have substantially lower costs than minnow diets. In these simulations, only costs were
altered, not resulting survival rates. For all sizes of muskellunge, survival per cost was
higher for fish raised on pellet diets compared to muskellunge raised traditionally
(Figure 5). For smaller muskellunge (< 180 mm), survival per cost was greater than
tiger muskellunge, since at these sizes, muskellunge have higher survival rates than
tiger muskellunge. Larger muskellunge and tiger muskellunge (180 mm and above)
reared on pellets did not differ in benefit-cost relationships.
Recommendations: To maximize survival, large muskellunge fingerlings (>250 mm)
should be stocked. However, specific optimal sizes will vary with characteristics of
individual waters, such as the density and size structure of predator species. Because
of predator and prey populations of the lakes in this study, small fingerlings (100 mm)
would not exhibit adequate survival rates to support a fishery. Higher survival of large
fingerlings is caused by lower and less variable losses to largemouth bass predation.
Waters with high densities of largemouth bass capable of eating the sizes of
muskellunge available for stocking should be avoided. Foraging success and growth of
muskellunge after stocking will be affected by both density and species composition of
appropriately sized forage fish. With high prey densities, earlier stocked fingerlings
have the potential to outgrow later stocked fingerlings by fall. Even though earlier
stocked fish can reach larger sizes, survival will be lower. Cost/benefit analyses
suggest that in mid-western reservoirs, cost per survivor will be lower with large
muskellunge fingerlings than with medium fingerlings. In contrast, previous work in
Wisconsin lakes showed no increase in cost-effectiveness in stocking larger fall
fingerlings (Margenau 1992). Combined, these results suggest that cost-effectiveness
can vary substantially with predator populations and prey conditions.
Results from stockings indicate that survival of fish less than 10 inches is poor,
and no survival has been observed for stockings of fish less than 8 inches during all
years. Simulations from the bioeconomic model are useful in determining trade-offs
between costs of rearing and size at stocking for individual impoundment
characteristics. The current version of the bioeconomic model allows evaluation of the
effects of bass density and size distribution, thermal stress at stocking, forage base and
thermal regime on survival/cost of stocked esocids. From model simulations, both
largemouth bass density and size distribution as well as forage base affect stocking
strategies for tiger muskellunge more than muskellunge. For tiger muskellunge,
optimal sizes shifted to smaller sizes as fish were stocked later in the year, likely
because predation mortality decreases as water temperatures cool. Model results also
suggest rearing techniques can have important effects on benefit cost relationships
(see Job 101.2). Additional simulations with the bioeconomic model can be used to
make management recommendations regarding stocking of esocids in lakes throughout
Illinois.
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JOB 101.2 Effect of rearing technique on esocid survival
Objective: To compare survival of minnow and pellet reared muskellunge and tiger
muskellunge, and intensive and extensive reared muskellunge in impoundments.
Introduction: In addition to size at stocking, another factor in hatchery production
which may increase stocking success is rearing method. Extensive rearing of esocid
fingerlings on minnows has been implemented for most stocking programs, but
intensive rearing on pellets is a less expensive alternative (Klingbiel 1986). However,
feeding experience may influence survival, because foraging success can influence
activity and risk of predation (Szendrey and Wahl 1995). To separate the effects of
diet from hatchery rearing environment, we first evaluated effects of rearing esocids on
pellet verses minnow diets. In addition, previous work has shown tiger muskellunge
reared on pellets suffer higher mortality than muskellunge reared on minnows (Wahl
and Stein 1989b). These results have led to the recommendation not to stock tiger
muskellunge. However, we now know rearing technique affects relative survival. Only
by directly comparing the two taxa reared using the same rearing techniques can the
suitability for stocking be determined. Herein, we compare survival and growth of tiger
muskellunge and muskellunge reared on minnows in ponds. Similarly, survival of
extensively and intensively reared esocids may also differ, as extensively reared tiger
muskellunge have shown higher survival and faster growth than pellet fed fish
(Johnson 1978; Andrews 1983; Beyerle 1984). In this job, we compare survival rates
between minnow and pellet reared muskellunge and tiger muskellunge, as well as
intensive and extensive reared muskellunge stocked into impoundments. In all of
these previous studies with esocids, a major source of mortality was predation from
largemouth bass. As a result, the feasibility of reducing largemouth bass predation
through predator acclimation in the hatchery was also investigated for tiger
muskellunge.
Procedures: Methods for reservoir stockings comparing survival of minnow and pellet
reared tiger muskellunge and muskellunge are given in Appendix B, Szendrey and
Wahl 1995, Effect of feeding experience on growth, vulnerability to predation, and
survival of esocids, published in the North American Journal of Fisheries Management
15:610-620.
Methods for reservoir stockings of predator acclimated and naive tiger
muskellunge to evaluate reducing largemouth bass predation are given in Appendix C,
Wahl et al. (in review), Effect of experience with predators on the behavior and survival
of muskellunge and tiger muskellunge, to be submitted to North American Journal of
Fisheries Management.
We completed four reservoir stockings to compare survival of tiger muskellunge
and muskellunge reared under the same conditions. We compared survival between
extensively reared muskellunge and tiger muskellunge in Paradise Lake and Lake of
the Woods. Equal numbers and similar sizes of minnow fed muskellunge and tiger
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muskellunge were introduced into these reservoirs from 1992 to 1995 (Table 1). Prior
to stocking, fish were reared in ponds at the Jake Wolf Memorial Fish Hatchery in
Manito, Illinois by the Illinois Department of Natural Resources. Unique fin clips were
given to each species. Fish were tempered to within 2°C of lake temperature before
stocking to avoid thermally stressing the fish (Mather and Wahl 1989). A sub-sample
of each stocked group was held in three predator free cages (N=15/cage) for 48 hours
to monitor mortality associated with stress from transport and stocking. Temperature
and dissolved oxygen measurements were recorded on each sampling date to
determine their influence on survival rates. We also compared survival between
intensive pellet reared and extensive minnow reared muskellunge in two reservoir
stockings. Similar numbers and sizes of these fish were stocked into Pierce Lake and
Lake George (Table 1), and methods were similar to those described above.
Findings: Results of reservoir stockings comparing survival of minnow and pellet
reared tiger muskellunge and muskellunge are given in Appendix B, Szendrey and
Wahl 1995.
Results of reservoir stockings of predator acclimated and naive tiger
muskellunge are given in Appendix C, Wahl et al. (in review).
Population estimates and relative survival were compared for extensively reared
muskellunge and tiger muskellunge in Paradise Lake and Lake of the Woods (Table 2,
Figure 6). Throughout all years, numbers and survival of muskellunge were higher
than tiger muskellunge in both the spring and fall. Similarly, catch per unit effort was
also higher for muskellunge in these lakes (Table 3).
In Lake George, catch rates of extensive and intensive reared muskellunge were
similar after stocking, but more extensive reared fish were captured in late fall and
spring (Table 4). Electrofishing mark-recapture population estimates during fall
showed slightly higher survival for extensive (10%) than for intensive (8%) esocids. In
the spring, recaptures were too low to compute population estimates. However, more
extensive (N=6) than intensive (N=3) reared esocids were marked during spring
sampling. In contrast, CPUE in Pierce Lake 1995 was higher for intensively reared
muskellunge than for extensively reared fish in both the fall and spring (Table 4).
Population estimates were not completed due to low numbers of fish sampled in both
seasons.
Recommendations: Feeding experience indirectly influenced survival, as predation
by largemouth bass was higher on pellet reared esocids for both tiger muskellunge and
muskellunge. Feeding history should be considered when developing rearing
programs for esocids. Length of time of feeding on live fish prior to stocking may be
important. Fish in this study were converted to a minnow diet one month prior to
stocking. A shorter acclimation time would reduce costs, but may also increase
vulnerability of esocids to predation. Trade-offs exist between the higher costs of
feeding minnows in the hatchery and increased survival of esocids after stocking.
Results of four stockings showed substantially higher survival of muskellunge
than for tiger muskellunge reared similarly. Based on these results, it appears that
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muskellunge survival will be superior in most situations. These results suggest
muskellunge should be the choice for stocking in most impoundments.
Comparison of extensive versus intensive muskellunge have not been
conclusive. Disease problems with extensively reared fish in 1995 may have affected
survival rates. Future experiments will need to be conducted to evaluate the relative
benefits of these two rearing techniques. These comparisons will become increasingly
important if attempts are made to rear muskellunge in troughs.
Based on our comparisons in the laboratory, pond experiments, and in reservoir
stockings, predator acclimation does not appear to be a viable technique for reducing
predation rates for stocked esocids. We found no substantial increase in survival rates
using these techniques.
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Table 1. Summary of muskellunge (MU) and tiger muskellunge (TM) stockings for Illinois lakes
for 1992-1995. Total length (nearest mm) and weight (nearest g) were measured prior to
stocking. Lake George and Pierce Lake were stocked with extensively (E) and intensively (I)
reared muskellunge. For each lake, similar numbers of each taxa were stocked on each date.
Number Number Mean Mean
Stocking of per Length Weight
Lake Taxa Date Fish Hectare (mm) (g)
George (1) MU Sep 8, 1992 569 8 201 30
(E) MU 207 38
Paradise MU Aug 17,1993 1000 15 256 77
TM 258 81
Paradise MU Sep 12,1994 1000 15 271 103
TM 268 103
Lake of the MU Sep 19,1994 700 67 276 102
Woods TM 268 101
Paradise MU Sep 12,1995 1000 15 270 110
TM 277 120
Pierce (1) MU Aug 7, 1995 430 7 218 48
(E) MU 218 53
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Table 2. Schnabel population estimates and relative survival of extensively reared
muskellunge (MU) and tiger muskellunge (TM) in the fall and spring after stocking in
Paradise Lake (1993-1995) and Lake of the Woods (1994). Estimates of fall
populations are also given for resident largemouth bass (LMB) capable of consuming
muskellunge.
Population estimate
Lake Year Taxa Point 95% C.I. Survival(%)
Estimate
Paradise Fall 1993
Spring 1994
Fall 1994
Spring 1995
Lake of
Woods
Fall 1995
Spring 1996
Fall 1994
Spring 1995
MU
TM
LMB
MU
TM
MU
TM
LMB
MU
TM
MU
TM
LMB
MU
TM
MU
TM
LMB
MU
TM
235
223
354
117
54
531
93
847
360
186
264
284
705
86
13
214
63
652
73
23
190-450
124-453
242-542
70-273
27-273
403-751
108-307
636-1223
199-427
85-1240
197-386
166-711
529-1019
52-191
104-535
34-135
468-1026
33-485
--- l
19
24
22
12
5
53
9
36
19
26
28
9
1
30
9
10
2
Table 3. Total fall and spring catch-per-unit-effort (CPUE) estimates from electrofishing
following stockings for muskellunge (MU) and tiger muskellunge (TM) in Paradise Lake
and Lake of the Woods from 1993 to 1996.
Lake Year Effort Catch (C) CPUE (C/hr)
(hrs) MU TM MU TM
Paradise Fall 1993 16.8 138 71 8.2 4.2
Spring 1994 11.7 59 24 5.0 2.0
Paradise Fall 1994 18.0 239 94 13.3 5.2
Spring 1995 22.8 141 43 6.2 1.9
Lake of the Fall 1994 8.3 64 42 7.7 5.1
Woods Spring 1995 9.0 30 23 3.3 2.6
Paradise Fall 1995 17.6 124 69 7.0 3.9
Spring 1996 20.7 55 8 2.7 0.4
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Table 4. Total fall and spring catch-per-unit-effort (CPUE) estimates from electrofishing
following stockings for intensively (I) and extensively (E) reared muskellunge in Lake
George (1992) and Pierce Lake (1996).
Lake Year Effort Catch (C) CPUE (C/hbr
(hrs) (E) (I) (E) (I)
George Fall 1992 25.9 50 34 1.9 1.3
Spring 1993 10.4 10 5 1.0 0.5
Pierce Fall 1995 16.6 16 35 1.0 2.1
Spring 1996 19.8 7 16 0.4 0.8
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Job 101.3 Laboratory and pond experiments.
Objective: To evaluate growth and survival rates of various sizes, minnow versus
pellet reared, intensive vs. extensive, and genetic stocks of esocids in laboratory and
pond experiments.
Introduction: Hatchery rearing methods vary for esocids, which may create
differences in behavior, and ultimately growth and survival for these fish. In this job, we
examine the effect of rearing method (pellet vs. minnow, intensive vs. extensive) on
habitat use and susceptibility to largemouth bass predation in experimental ponds and
laboratory pools. These experiments provide support for patterns observed in the field,
and allow an evaluation of mechanisms influencing growth and survival resulting from
hatchery techniques.
Hatchery reared fish often exhibit high vulnerability to predation after stocking,
possibly because of lack of experience with predators (Wiley et al. 1993). Survival may
be increased by exposing esocids to a predator in the hatchery before stocking. We
completed experiments comparing survival rates of naive and predator acclimated tiger
muskellunge in ponds with largemouth bass to assess the potential of these
techniques.
Procedures: Methods for laboratory experiments comparing foraging behavior and
vulnerability to bass predation for minnow and pellet reared tiger muskellunge and
muskellunge are presented in Appendix B, Szendrey and Wahl 1995.
Susceptibility to predation of minnow and pellet fed muskellunge and tiger
muskellunge was examined in pond (0.04 ha) experiments. Similar sized fish of each
taxa were reared on pellets or minnows for weeks prior to stocking. Pellet reared fish
were marked with oxytetracycline in their food, and both fish received distinguishing fin
clips. We stocked 25 of each rearing type for tiger muskellunge (mean length = 177
mm, mean weight = 24.4 g for pellet; mean length = 172 mm, mean weight = 24.7 g for
minnow) into 13 treatment and 7 control ponds over two years. Experiments with
muskellunge (mean length = 183 mm, mean weight = 22.2 g for pellet; mean length =
185 mm, mean weight = 22.1 g for minnow) were completed only in the first year using
6 treatment and 4 control ponds. Treatment ponds contained largemouth bass (N=6
each) to examine relative predation rates on minnow and pellet reared fish. Control
ponds did not contain largemouth bass and were used to monitor natural mortality.
Temperature, dissolved oxygen, and secchi depth were monitored daily. Ponds were
seined on days 1, 3, 5, and 9 after stocking to determine survival rate of esocids, and
largemouth bass stomachs were sampled to determine number of esocids eaten. All
ponds were drained on day 9 to determine survival rates of esocids.
We also examined growth and survival of intensively and extensively reared
muskellunge in six 1/10 acre ponds. Three experimental ponds each contained 2
largemouth bass (x=324 mm), and three ponds without bass were used to compare
growth and survival. In each pond, we stocked twenty extensively (5=214.5 mm, 41.5
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g) and intensively reared muskellunge (5z=215 mm, 43.7 g). In control ponds, minnows
were stocked at densities considered ad libitum. After two weeks, all ponds were
seined and drained. The number of fish remaining were counted and survivors in the
control pond were weighed (g) and measured (mm).
Methods for pond experiments comparing naive and predator-acclimated tiger
muskellunge are given in Appendix C., Wahl et al. (in review). In these experiments,
we compared the effect of experience with predators on the behavior and survival of
muskellunge and tiger muskellunge.
Findings: Results of experiments comparing growth, survival, and foraging behavior
between pellet and minnow-fed muskellunge and tiger muskellunge in laboratory pools
are reported in Appendix B, Szendrey and Wahl 1995.
In pond experiments examining vulnerability to predation for minnow and pellet
reared tiger muskellunge, we combined data for both years after testing for
homogeneity of survival data between years in both experimental and control ponds
(homogeneity X2; experimental ponds, P > 0.05; control ponds, P > 0.20). Mean
survival, after incorporating natural mortality from control ponds, was nearly identical
for minnow and pellet reared fish (Figure 7). Survival of minnow and pellet reared tiger
muskellunge in ponds was then examined by comparing differences in survival between
control ponds and experimental ponds. Control ponds were used to monitor natural
mortality, whereas experimental ponds determined predation mortality. By comparing
differences in survival, we examined the effect of largemouth bass predation alone.
Susceptibility to largemouth bass predation did not differ between minnow and pellet
reared tiger muskellunge in these pond experiments (Figure 8; normal deviate, P =
0.92). Identical analysis of data from muskellunge pond experiments also found that
susceptibility to predation did not differ between minnow and pellet reared fish (Figure
8; normal deviate, P = 0.84).
Comparison of tiger muskellunge recovered from largemouth bass stomachs in
pond experiments showed similar patterns as seine and survival data. Similar numbers
of pellet (N=47) and minnow (N=36) reared tiger muskellunge were eaten by
largemouth bass in all ponds combined (chi-square, P >.20). For additional
comparison, total numbers of tiger muskellunge and muskellunge consumed by
largemouth bass in individual pond experiments were estimated by summing numbers
of fish eaten on each sampling date as in reservoir studies. Percent survival was
similar for tiger muskellunge during both years (paired t-test, P=0.18) and for
muskellunge (P > 0.05).
Pond experiments comparing survival of extensively and intensively reared
muskellunge showed no interaction between treatment pond and rearing type (P=0.68)
(Figure 9). Adjusting for mortality observed in control ponds, susceptibility to predation
was similar between extensive (20%) and intensive muskellunge (13%). In control
ponds, muskellunge grew an average of 16 g over a two week period. Growth was
slightly higher for extensively reared muskellunge, but did not differ between extensive
and intensive muskellunge (Figure 10; one-way ANOVA, P=0.11).
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Results of pond experiments comparing survival between naive and predator-
acclimated tiger muskellunge are reported in Appendix C, Wahl et al. (in review).
Recommendations: Results from pond (current job) and laboratory studies (Appendix
B; Szendrey and Wahl 1995) indicate pellet and minnow reared fish for both
muskellunge and tiger muskellunge behave similarly and exhibit similar survival rates.
However, field results show better survival for minnow reared fish that is affected
primarily by differences in vulnerability to largemouth bass predation. Laboratory
results suggest differences in vulnerability are not due to differences in foraging
activity, habitat use, or antipredatory behaviors. In addition to behavioral effects,
physiological differences resulting from diet may exist. These may influence swimming
speed or endurance (Webb 1978; Beamish 1978), and indirectly affect vulnerability to
predation. Also, color differences that exist between pellet and minnow fed fish may
have contributed to differences in vulnerability, by influencing detection by predators.
Based on field results, feeding history should be considered when developing stocking
programs for esocids.
Exposure to minnows can also be accomplished by rearing esocids in ponds
with minnows. The pond environment may provide additional benefits for survival
(Johnson 1978), but these experiments were confounded by differences in sizes of fish.
In this study, a comparison of survival between extensive versus intensively reared
muskellunge was not conclusive, as disease problems with extensively reared fish in
1995 may have affected survival rates. Future experiments will need to be conducted
to evaluate the relative benefits of these two rearing techniques by comparing survival
of similarly sized fish.
Results of pond experiments evaluating predator acclimation techniques confirm
those conducted in the laboratory and in reservoir stockings. All three approaches
suggest that predator acclimation will not be successful in increasing survival of
stocked esocids (see Appendix C, Wahl et al. (in review)).
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JOB 101.4 Growth and food habits of muskellunge and tiger
muskellunge.
Objective: To determine the effect of stocking size and rearing technique on growth
and food habits of muskellunge and tiger muskellunge.
Introduction: The relative success of muskellunge and tiger muskellunge in utilizing
prey resources in impoundments after introduction can play a large role in the overall
success of a particular stocking. Differences in conversion to available prey in the field
can significantly influence survival and growth rates (Tomcko et al. 1984; Wahl and
Stein 1988). These differences are primarily the result of foraging efficiency of the fish
and characteristics of the individual prey species. Gillen et al. (1981) examined the
effect of the diet history (minnow vs pellet fed) of tiger muskellunge on foraging
success, and found pellet reared fish to require longer capture times and more strikes
per capture than minnow reared fish. These differences may be attributable to
behavioral differences between the two rearing methods. The availability of adequate
sizes of forage fish to various sizes of stocked esocids can also influence survival. In
this job, we examine the effect of rearing method and size at stocking on the prey
utilization and growth rates of muskellunge and tiger muskellunge in impoundments.
Procedures: Methods for assessing growth and food habits differences between pellet
and minnow reared tiger muskellunge and muskellunge in reservoir stockings are given
in Appendix B, Szendrey and Wahl 1995.
We also assessed growth and food habits for comparisons between
muskellunge and tiger muskellunge as well as between intensive and extensive reared
muskellunge (see Job 101.2). Prior to stocking, esocids were sub-sampled for length
(nearest mm) and weight (nearest g; Table 1). Esocids were then collected weekly or
bi-weekly by electrofishing the entire perimeter of each impoundment. At each
collection date, esocids were measured and weighed to determine relative growth rates
of minnow and pellet reared, and extensive and intensive reared fish. Stomach
contents of all esocids collected were removed by stomach flushing (Foster 1977) to
determine food habits and to examine possible differences in diet conversion. Five
stations were seined with 75 foot hauls every month to determine inshore species
composition, densities, and size distribution of prey fishes available in each
impoundment. Prey were identified to species and counted. These data were used to
evaluate the role of forage base in affecting growth and survival of stocked esocids.
Findings: Results of reservoir stockings comparing growth and food habits of minnow
and pellet reared tiger muskellunge and muskellunge are given in Appendix B,
Szendrey and Wahl 1995.
Growth and food habit data were collected during fall and spring sampling for
stockings of muskellunge and tiger muskellunge in Paradise Lake during 1993-1995
and Lake of the Woods 1994. For all four stockings combined, lengths of muskellunge
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(R = 323 mm) and tiger muskellunge (320 mm) were similar at the end of fall (ANOVA,
P=0.41) in November - December (Figure 11). Comparing size again in the spring,
muskellunge were larger (351 mm) than tiger muskellunge (337 mm), but the difference
was only marginally significant (Figure 11; ANOVA, P = 0.07). Esocid weight data
followed a similar pattern; in November-December, muskellunge (7 = 178 g) were
similar in weight to tiger muskellunge (185 g; ANOVA, P = 0.35; Figure 12). In the
spring, muskellunge weighed more (246 g) than tiger muskellunge (211 g), but
differences were again marginally significant (Figure 12; ANOVA, P = 0.07).
Muskellunge and tiger muskellunge consumed prey at equal rates in the fall
(Table 5) and spring (Table 6), and for all lakes, about 55% of esocid stomachs
sampled contained food. Esocids mostly utilized gizzard shad as the primary forage in
both the fall and spring, and the majority of stomachs contained gizzard shad. Through
all years, supplementary electrofishing samples showed gizzard shad to be very
abundant, with large numbers of appropriately sized gizzard shad available as forage.
Growth and food habit data were also collected for extensive and intensive
reared muskellunge stocked into Lake George in 1992 and Pierce Lake in 1995. In
Lake George, extensively reared muskellunge grew faster in length (Figure 13) and
weight (Figure 14) than intensively reared fish through the fall (paired t-test; P < 0.05).
The primary forage for extensively reared muskellunge was gizzard shad, while
intensive fish relied on other prey (Table 7). A greater percentage of extensive
muskellunge also contained food in their stomachs, and these factors combined may
explain differences in growth rates between these esocids. However, in Pierce Lake
1995, intensively reared muskellunge grew faster in length (Figure 13) and weight
(Figure 14) than extensive fish throughout the fall (paired t-test; P < 0.05). Although
both esocids utilized gizzard shad as the primary forage in the fall, intensive fish
contained prey more often than extensive (Table 7).
Recommendations: Field and laboratory results both indicate that previous
experience feeding on live prey had no direct influence on prey consumption of
esocids. Food habits, percentage of fish with prey in their stomach, and prey biomass
were all similar for experienced and naive tiger muskellunge and muskellunge. In
laboratory studies, conversion to a minnow diet by naive esocids was high, ranging
close to 100%. Also, foraging success for esocids was similar in both vegetated and
open habitats. As predicted by food habits, growth of pellet and minnow reared
esocids was similar in the field.
Growth and food habits of muskellunge and tiger muskellunge reared
extensively were similar through the first year. Previous evaluations of pellet reared
tiger muskellunge and minnow reared muskellunge showed similar patterns. In
subsequent years, growth of muskellunge exceeds tiger muskellunge and these
differences appear to be beginning by the first year after stocking in the current study.
These results combined with the higher survival of muskellunge (see Job 101.2)
suggest muskellunge are preferable for stocking in most situations.
Growth and food habits of extensively reared fish were higher than intensively
reared fish in one stocking but not another. Results in the second stocking may have
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been confounded by disease problems of extensively reared fish. Future experiments
will need to be conducted to evaluate the relative benefits of these two rearing
techniques. These comparisons will become increasingly important if attempts are
made to rear muskellunge in troughs.
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Table 5. Fall food habits obtained by sampling stomach contents of extensively reared
muskellunge and tiger muskellunge in Paradise Lake and Lake of the Woods, 1993-
1995. Prey recovered were classified as gizzard shad, Lepomis spp. or other. Total
number of stomachs (N) examined are given for each month.
Prey species composition
Lake, year % with N Gizzard Lepomis Other
food shad spp.
Muskellunge
Paradise 93 43 173 75 1 0
Paradise 94 61 191 143 2 7
Lake of Woods 94 75 81 58 0 1
Paradise 95 49 144 63 15 7
Tiger Muskellunge
Paradise 93 53 96 51 0 0
Paradise 94 58 95 53 4 5
Lake of Woods 94 34 76 58 0 1
Paradise 95 43 81 32 3 1
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Table 6. Spring food habits obtained by sampling stomach contents of extensively
reared muskellunge and tiger muskellunge in Paradise Lake and Lake of the Woods,
1993-1995. Prey recovered were classified as gizzard shad, Lepomis spp. or other.
Total number of stomachs (N) examined are given for each month.
Prey species composition
Lake, year % with N Gizzard Lepomis Other
food shad spp.
Muskellunge
Paradise 93 71 56 37 2 2
Paradise 94 50 101 74 0 2
Lake of Woods 94 50 30 15 0 2
Paradise 95 52 31 14 1 0
Tiger Muskellunge
Paradise 93 48 25 26 0 0
Paradise 94 38 40 13 0 0
Lake of Woods 94 35 23 8 1 0
Paradise 95 100 5 7 0 0
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Table 7. Fall food habits obtained by sampling stomach contents of extensively and
intensively reared muskellunge in Lake George 1992 and Pierce Lake 1995. Prey
recovered were classified as gizzard shad, Lepomis spp. or other. Total number of
stomachs (N) examined are given for each month.
Prey species composition
Lake, year % with N Gizzard Lepomis Other
food shad spp.
Extensive
Lake George 1992 40 56 15 1 5
Pierce Lake 1995 37 19 12 0 0
Intensive
Lake George 1992 12 77 0 1 9
Pierce Lake 1995 47 36 28 1 2
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Figure 11. Growth of muskellunge and tiger muskellunge
following stocking through spring for two lakes. Both taxon
were reared on minnows in ponds. Vertical lines represent
95% confidence limits.
36
400
300
200
100
300
200
__ 100
0 300
S 200
100
300
200
100
Aug Sep Oct Nov Dec Mar Apr May
Figure 12. Growth of muskellunge and tiger muskellunge
following stocking through spring for two lakes. Both taxon
were reared on minnows in ponds. Vertical lines represent
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Figure 13. Growth of intensively and extensively reared
muskellunge in Pierce Lake and Lake George after
stocking. Vertical lines represent 95% confidence limits.
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JOB 101.5. Assessment of different stocks of muskellunge.
Objective: To identify different genetic stocks of muskellunge and to evaluate their
performance characteristics for stocking in Illinois impoundments.
Introduction: Differences in performance characteristics among genetically distinct
muskellunge populations may be important in determining the most appropriate
populations for use in management applications. Different stocks of muskellunge have
evolved under different ecological conditions, and as a result have acquired different
performance characteristics. Growth rates, maximum size, longevity, and survival are
several traits that will affect the value of a population to Illinois fisheries. We
determined short-term variation in growth and survival occurring among different
muskellunge populations in ponds.
Our work has shown that genetic techniques will be useful for identification of
geographically distinct stocks. During this segment of the study, we completed
laboratory evaluations of performance characteristics of the muskellunge populations
identified through our genetic work. We compared consumption, conversion efficiency,
growth, and metabolic rates of these populations as a function of water temperature to
examine how each population might survive and grow in the thermal regimes present in
Illinois.
Procedures: Methods for experiments examining temperature effects on food
consumption, conversion efficiency, growth, and metabolic rate of muskellunge
populations from Kentucky, Minnesota, New York, Ohio, the St. Lawrence River, and
Wisconsin were summarized in Appendix D, Clapp and Wahl 1996, Comparison of food
consumption, growth, and metabolism among muskellunge populations: an
investigation of thermal adaptation and stock structure, published in Transactions of the
American Fisheries Society 125:402-410.
Data from laboratory experiments were used to develop bioenergetic models to
describe growth of and food consumption by different populations of muskellunge. An
equation expressing metabolic rate as an exponential function of weight and
temperature was determined for each of the six muskellunge populations evaluated in
laboratory experiments:
ln(mg O2*g9-1*h 1) = ln(a 2) + b2*ln(B) + m*T
(Equation 2, Bevelhimer et. al. 1985).
Similarly, equations describing maximum food consumption as a function of weight and
temperature were developed for each population:
In(Cmax) = In(a 1) + bl*In(B) + x*T + y*T2 + z*T3
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(Equation 4, Bevelhimer et. al. 1985).
Evaluations of short-term differences in growth and survival among muskellunge
populations used in laboratory tests of food consumption, growth, and metabolic rate
(Table 8) were conducted in three, 1/10th-acre ponds. Ponds were periodically stocked
through fall with fathead minnows Pimephales promelas as forage. Muskellunge were
transferred to a single 1-acre pond for monitoring through the following spring. Total
length (mm) and weight (g) of muskellunge were measured and fish were counted
following seining or pond draining on twelve sampling dates after fish were stocked.
Findings: Results of experiments examining temperature effects on food consumption,
conversion efficiency, growth, and metabolic rate of muskellunge populations from
Kentucky, Minnesota, New York, Ohio, the St. Lawrence River, and Wisconsin were
summarized in Appendix D, Clapp and Wahl 1996.
Results of pond experiments comparing growth of muskellunge stocks showed
that during the first 40-week period following stocking, growth of muskellunge from
Kentucky, Ohio, and Wisconsin were not different, whereas Minnesota muskellunge
showed consistently slower growth than fish from the other populations during this
same period (Figure 15). In spring and summer (weeks 40-60), growth of Minnesota
muskellunge was faster than that of fish from the other populations (Figure 15). While
growth of Minnesota fish followed a pattern different from that of fish from the other
three populations, after more than one year in ponds fish from all four populations were
similar in length and weight (Figure 15). Survival following final pond draining was
highest for Wisconsin muskellunge (9%), followed by Minnesota (7%), Ohio (1%) and
Kentucky (0%) fish (Figure 16). Because few fish remained following the last sampling,
pond experiments were terminated after 60 weeks.
Metabolic rate models were significant (P < 0.05) for Kentucky, Ohio, and St.
Lawrence River populations, and marginally significant for Wisconsin muskellunge
(Table 9). Models developed to describe consumption rate were significant for Ohio
and Wisconsin populations (Table 10).
Recommendations: Differences we found among muskellunge populations in
laboratory experiments, pond evaluations, and bioenergetics modeling have important
implications for conservation of native muskellunge populations, as well as for
introduction of muskellunge into waters where they do not naturally occur. Previous
genetic work (Koppelman and Philipp 1986) suggested that management programs
which supplement natural populations with hatchery-produced individuals may
compromise the genetic integrity of those populations. Mixing of populations with
different physiological characteristics may also have negative consequences, and the
long-term effects of supplementing natural muskellunge populations with hatchery fish
need to be considered before such introductions are made. Muskellunge are
introduced in many areas including Illinois where they have not previously occurred; in
these situations, knowledge of population differentiation could be useful in planning
stocking programs. Growth differences we observed among age-0 muskellunge may
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affect initial survival, influencing both losses to predation (Wahl and Stein 1989b) and
over-winter survival (Bevelhimer et al. 1985, Carline et al. 1986). We have shown that
the population with the fastest growth will vary depending on specific thermal regimes,
suggesting that the temperatures of recipient waters be considered in choosing the
most appropriate population for introductions outside the native range of the
muskellunge.
In addition to age-0 survival and growth, characteristics of adult fish may differ
among populations. Additional evaluation of inter-population variation in these life
history attributes needs to be conducted before recommendations can be made
concerning the appropriateness of muskellunge populations for use in given
management applications. Our pond work included evaluations of age-1 fish, and thus
provided preliminary information for these adult evaluations. However, differences
among muskellunge populations also need to be determined in reservoir experiments
to fully evaluate the potential for use of different muskellunge populations for Illinois
management applications. Parameters that need to be evaluated include temperature
tolerance (preferred and lethal), growth rates (time to reach trophy size, maximum final
size, size at first reproduction), distribution of energy intake to reproductive versus
somatic growth, and longevity/survival. Knowledge concerning all of these traits will
help to better define individual populations and their potential value to Illinois.
Modifications to bioenergetics models using data obtained in laboratory
experiments still need to be completed. In this study, we began this work by fitting our
data to existing models. As expected from an initial examination of the data, these
model fits indicated that individual bioenergetic models for each stock are probably
justified. Simulations of muskellunge growth using these new models and comparisons
of simulation results to growth observed in pond populations of muskellunge should be
completed in future work. We should continue to focus on modifying existing
bioenergetics models to more accurately describe, and eventually predict, the growth of
different populations of muskellunge. Ultimately, these models should be compared
against field evaluations of different muskellunge populations compared simultaneously
in reservoir stockings. These improved bioenergetic models will allow us to predict
growth rates of different muskellunge populations in Illinois waters with a variety of
thermal regimes and containing different forage fish populations, giving managers
another tool to aid in managing muskellunge in Illinois.
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Table 8. Sources for young-of-year muskellunge used in pond tests. Stocks are semi-
discrete groups of fish from the muskellunge complex. Esox masquinongy ohioensis
(EMO) includes muskellunge from the Ohio River system and EL m. immaculatus (EMI)
includes muskellunge from the Mississippi River drainage in Wisconsin and Minnesota.
Cooling (CDD) and heating (HDD) degree days are calculated using a base
temperature of 65 0F as described in Philipp et al. (1985), with data from the National
Oceanic and Atmospheric Administration (1974).
Population Source Water Stock CDD HDD Latitude
Kentucky Cave Run Lake EMO 868 4,550 370 35'
Ohio Clear Fork Lake EMO 584 5,747 390 30'
Minnesota Leech Lake EMI 136 9,199 460° 35'
Wisconsin Minocqua Chain EMI 50 8,944 450 30'
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Table 9. Regression parameters and model significance for data from six muskellunge
populations fit to the model relating metabolic rate and temperature (Equation 2),
described in Bevelhimer et. al. (1985).
Population Regression parameter r2  P df
a2  m
Kentucky 0.1165 0.05 0.97 0.002 1,3
Minnesota 0.1541 0.04 0.58 0.136 1,3
New York 0.1249 0.05 0.80 0.102 1,2
Ohio 0.1481 0.04 0.85 0.025 1,3
St. Lawrence 0.1086 0.04 0.90 0.015 1,3
River
Wisconsin 0.1653 0.04 0.75 0.057 1,3
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Table 10. Regression parameters and model significance for data from six
muskellunge populations fit to the model relating maximum food consumption and
temperature (Equation 4), described in Bevelhimer et. al. (1985).
Population Regression parameter r2  P df
a, x y z
Kentucky 0.0124 0.18 -0.001 -0.000059 0.997 0.065 3,1
Minnesota 0.0213 0.09 0.004 -0.000161 0.977 0.192 3,1
New York 0.0299 -0.03 0.014 -0.000412 0.996 0.076 3,1
Ohio 0.0130 0.22 -0.004 0.000003 0.999 0.044 3,1
St. Lawrence (Sample size not sufficient to estimate model parameters)
River
Wisconsin 0.0789 -0.18 0.023 -0.000563 0.999 0.047 3,1
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Figure 15. Total length and weight of muskellunge
from four states stocked into experimental ponds.
Week refers to time since stocking.
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Figure 16. Survival (%) of muskellunge from four
states remaining in hatchery ponds. Week refers
to time since stocking.
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JOB 101.6 Analysis and reporting
Objective: To prepare annual and final reports which develop management guidelines
for stocking esocids in Illinois impoundments.
Findings and Recommendations: Relevant data were analyzed and
recommendations presented in individual jobs of this report (see Job 101.1-101.5). In
addition, study results and recommendations are presented in the following
appendices:
Appendix A: Szendrey, T.A. and D.H. Wahl 1996, Size-specific survival and growth of
stocked muskellunge: effects of predation and prey availability. North American Journal
of Fisheries Management 16:395-402.
Appendix B: Szendrey, T.A. and D.H. Wahl 1995, Effect of feeding experience on
growth, vulnerability to predation, and survival of esocids. North American Journal of
Fisheries Management 15:610-620.
Appendix C: Clapp, D.F. and D.H. Wahl 1996, Comparison of food consumption,
growth, and metabolism among muskellunge: an investigation of population
differentiation. Transactions of the American Fisheries Society 125:402-410.
Appendix D: Wahl D.H., D. F. Wojcieszak, D.F. Clapp, and C.A. Kolar, Effect of
experience with predators on the behavior and survival of muskellunge and tiger
muskellunge (in review).
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Appendix A
Size-specific survival and growth of stocked muskellunge: effects
of predation and prey availability
Thomas A. Szendrey
and
David H. Wahl
Center for Aquatic Ecology
Illinois Natural History Survey and
Department of Ecology. Etholocg and Evolution
University of Illinois
607 E. Peabody Drive
Champaign. Illinois 61820 USA
Abstract - We examined survival, predation mortality,
growth, and prey consumption of three sizes of muskellunge Esox
masquinongy fingerlings after stocking. Small (100 mm), medium
(200 mm) and large (250 mm) fingerlings were introduced into each
of three reservoirs over three years. Fall survival based on
population estimates and electrofishing catch per unit effort was
lowest for small fingerlings and increased with fingerling size.
Across all reservoirs, survival of large fingerlings was 2-3
times that of medium fingerlings. Cost/benefit analyses showed
large fingerlings to have the lowest cost per survivor. Predation
by largemouth bass Micropterus salmoides decreased with
fingerling size at stocking. Both foraging success and growth of
stocked fingerlings were correlated with prey density. In
contrast, prey species composition did not appear to influence
foraging success or growth. Because of their earlier stocking
time, medium fingerlings achieved a greater size than large fish
through the first fall when prey density was high, but not when
prey density was low. To maximize survival, growth, and cost-
effectiveness, we recommend stocking large muskellunge
fingerlings in systems with high prey and low largemouth bass
densities.
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Introduction
Improving survival of stocked fish has been the focus of
many management programs for muskellunge Esox masquinongy. Fall
survival of fingerlings (100 - 300 mm) is directly related to
size of fish stocked (Johnson 1978; Hanson et. al. 1986; Serns
and Andrews 1986). None of these studies examined specific
mechanisms controlling size-related survival; however,
populations of northern pike predators and yellow perch prey have
indirectly been suggested as important (Serns and Andrews 1986).
All of these previous studies were conducted in natural lakes in
Wisconsin. Muskellunge are also widely stocked in midwestern
reservoirs typified by high largemouth bass predator densities
and gizzard shad forage. Additional assessments of size specific
survival are needed to make management recommendations for these
waters.
The few studies that have examined specific mechanisms
affecting size-related survival of esocids have focused on hybrid
tiger muskellunge, E. masquinongy x E_. lucius. Factors shown to
influence survival of stocked tiger muskellunge include forage
base composition and density (Carline et al. 1986; Wahl and Stein
1988), predation (Stein et al. 1981), and stocking stress (Mather
and Wahl 1989). The relative importance of each of these factors
varies with time of stocking and size at stocking. Comparable
information for various sizes of muskellunge are required to
develop system-specific stocking guidelines.
Important differences exist between tiger muskellunge and
muskellunge that might affect the relationship between survival
and size. Extensive work has shown that largemouth bass
predation can affect size-specific survival of tiger muskellunge
(Carline et al. 1986). Comparisons within a narrow range of
sizes (150 - 200 mm) found vulnerability to predation differs
among esocid taxa, being higher for tiger muskellunge than for
muskellunge (Wahl and Stein 1989). Behavioral differences related
to habitat selection and flight response explains these
differences. Relative susceptibility to predation between the
hybrid and parent species could vary with size of stocked fish.
Unlike the hybrid, predation losses of stocked muskellunge have
not been examined across a range of sizes. Forage base has also
been suggested to influence growth and survival of esocids.
Species composition is important for both taxa, with lower
survival and growth of esocids occurring in waters with
centrarchids than either cyprinids or shad (Wahl and Stein 1988).
Prey density has been shown to effect size-specific growth and
survival of tiger muskellunge (Carline et al. 1986), but has not
been examined for muskellunge.
To improve stocking strategies, we evaluated the effect of
largemouth bass predation and forage availability on the prey
consumption, growth and survival of various sizes of stocked
muskellunge. In addition, we completed cost/benefit analyses to
determine which fingerling size was most cost-effective for
stocking in midwestern reservoirs.
Methods
We stocked three sizes of muskellunge fingerlings, small
(100 or 157 mm), medium (200 mm), and large (250 mm) during three
consecutive years (1990-1992; Table 1) into two eutrophic
reservoirs (<70 ha) in northern Illinois. All fish were raised at
the Jake Wolf Memorial Fish Hatchery in Manito, Illinois by the
Illinois Department of Conservation. Fish were reared
intensively on pellets to 100 mm, after which time they were
transferred to ponds and fed fathead minnows Pimephales promelas.
Small fingerlings were stocked at approximately 100 mm except in
1990, when problems with intensive rearing required larger fish
to be stocked (Table 1). Fish were periodically sampled and ponds
drained when mean sizes reached target lengths. Fish for each
stocked size-group were then obtained by selecting individuals
from within a narrow size range (15-20 mm); a sample of each
stocked group was measured (mm) and weighed (g) prior to stocking
(Table 1). Fish from each size group received a unique fin clip.
Fish were tempered to within 2oC of lake temperature prior to
stocking to avoid thermal stress (Mather and Wahl 1989). A sub-
sample of each stocked group was held in three 1-m deep predator-
free cages (N=15/cage) for 48 hours to monitor mortality
associated with stress from transport and stocking.
Stocked muskellunge were sampled by electrofishing along
the entire perimeter of each lake at weekly or bi-weekly
intervals through December, and again in the spring from March
through May. Relative survival of each fingerling size group was
assessed in the fall by catch per unit effort (CPUE; number
caught per hour) and Schnabel mark-recapture population
estimates. Fish for these estimates were given caudal fin clips
and marking was initiated in the fall after the decline in CPUE.
In addition, instantaneous mortality (z; Ricker 1975) was
calculated as the slope of the relationship between In (CPUE + 1)
and weeks after stocking.
Losses to predation after stocking were determined by
examining largemouth bass (Micropterus salmoides) stomach
contents using either stomach flushing (Foster 1977) or clear
acrylic tubes (Van Den Avyle and Roussel 1980). No other large
predators existed in high abundance in study reservoirs.
Largemouth bass were sampled by electrofishing around the entire
perimeter of each lake the first three nights after each
stocking, then once a week thereafter until muskellunge were no
longer recovered from largemouth bass stomachs. Population
estimates of largemouth bass in each reservoir were determined by
Schnabel mark-recapture (Ricker 1975). Minimum sizes of
largemouth bass included in population estimates were based on
the maximum prey/predator ratio observed for muskellunge
recovered from largemouth bass stomachs in our study (0.75),
which is similar to previous work (Wahl and Stein 1989). Mean
numbers of muskellunge per largemouth bass stomach on each date
were multiplied by the number of largemouth bass in the
population to estimate the relative number of each size group
consumed daily. Daily values were estimated by interpolation and
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summed to estimate total relative predation on each size group,
as done by Stein et al. (1981).
To compare prey consumption and growth among the three size
groups, all muskellunge collected during fall and spring were
stomach-pumped, measured, and weighed. Recovered prey items were
identified to species and measured (nearest mm). Prey species
utilization was assessed as the percentage of the total number of
all identifiable food items. Foraging success of each size group
was compared as the percentage of fish collected during fall
containing food and as the mean biomass of prey consumed. Biomass
estimates were obtained by converting total, standard, or
backbone lengths of prey to wet weight at consumption using
regression equations (Wahl and Stein 1991). For comparison with
estimates of foraging success, mean growth increment through fall
(10 weeks after stocking) was determined for each size group as
the difference from mean size at stocking.
To evaluate the role of forage base in affecting prey
consumption, growth, and survival of muskellunge fingerlings, we
estimated inshore densities of young-of-year prey after stocking
of each size group of muskellunge. Four fixed stations were
seined (7-m bag seine; 3-mm bar mesh) on each reservoir during
the week following each stocking. The seine was extended
perpendicular to shore and pulled 25 m to enclose a fixed area.
Prey were identified to species, measured in total length (mm),
and enumerated. Relative prey density among reservoirs was
computed as the mean number of young-of-year fish per haul.
Cost effectiveness of each muskellunge size group was
estimated by obtaining costs from commercial producers (direct
and indirect costs) for 200 mm and 250 mm muskellunge (American
Fisheries Society 1992). Total rearing cost was determined for
each stocked group by multiplying the cost per fish for each size
by the number stocked. Total cost for each stocking was divided
by the number of fish surviving at first fall to obtain the cost
per surviving fish at each size.
Results
Electrofishing catch per unit effort (CPUE) and Schnabel
mark-recapture population estimates during fall and spring were
directly related to size of fish stocked (Table 2). No survival
was observed for small (100 mm) fingerlings; electrofishing catch
rates declined to zero within a few days after stocking in both
reservoirs and remained there throughout fall (Figure 1). Catch
rates for 157 mm fish were high during the first week after
stocking (17/hr), but declined rapidly and were zero by the
fourth week following stocking. Catch rates remained low through
fall (Table 2). In contrast, electrofishing CPUE was higher for
the larger size groups (Figure 1). For both medium and large
fish, electrofishing CPUE declined during the first three weeks
after stocking but remained relatively constant thereafter.
Electrofishing CPUE in fall was significantly higher for large
than small fingerlings (ANOVA, Tukey's multiple comparisons, P <
0.05); values were intermediate and not different from the other
two size groups for the medium size fish (Table 2). Instantaneous
mortality rates were also compared using mean CPUE values for
each size group through time (Figure 1). Intercepts were not
significantly different among size groups (ANCOVA, homogeneity of
intercept, £ > 0.20). Mortality rates were higher for small
fingerlings (z=-1.69) than for the other two size groups (ANCOVA,
homogeneity of slope, P < 0.03), but were not different between
medium (z=-0.19) and large (z=-0.22) fingerlings (ANCOVA, P =
0.73). Survival determined by mark-recapture population
estimates showed similar patterns as CPUE. Across both fall and
spring sampling, small fingerlings had lower survival than the
two larger size groups (Table 2). Population estimates in the
fall and spring were higher for large than for medium fingerlings
in all three years (Table 2). However, confidence limits on
population estimates overlapped, suggesting differences in
survival between the two larger size groups were small.
We quantified the contribution of predation mortality in
determining survival of muskellunge fingerlings after stocking.
Predation was highest on all size groups the first 3 d following
stocking, decreasing thereafter with nearly all mortality
occurring within 10-14 d. Predation mortality was highest on
small muskellunge fingerlings (x = 37%), followed by medium (x =
5.6%) and large (x = 0.8%) fingerlings (Table 3). Differences
between size groups were not statistically significant (two-way
ANOVA, P = 0.42). Values were highly variable within size groups,
particularly for small fingerlings which experienced predation
losses ranging from 4.4 to 99%. Losses were lower and less
variable for large fingerlings (0-2.5%). However, across all
stockings, predation by largemouth bass decreased with size at
stocking (r = -0.68; P = 0.04). Densities of largemouth bass
capable of consuming muskellunge were also highly variable,
particularly for the small size group. Largemouth bass densities
in Lake George (12/ha; Table 3) were considerably higher than
those in Pierce Lake (2.7/ha). Across all size groups, largemouth
bass densities were related to losses to predation (r = 0.86, P =
0.002) and to instantaneous mortality rates from stocking through
fall (N = 9, r = 0.66, B = 0.05).
In addition to largemouth bass predation, losses to stocking
stress contributed to mortality of stocked fish. Stocking
mortality was low for small fingerlings (x = 5%) compared to
medium (x = 19%) and large fingerlings (x = 15%), but differences
across sizes were not statistically significant (ANOVA, P =
0.77). We also found no correlation between stocking mortality
and water temperature at stocking (r = 0.42, P = 0.28).
We compared prey consumption and growth only for medium and
large fingerlings because low sample sizes and high mortality
prevented comparisons for small fingerlings. Prey species
utilization for medium and large fish differed among reservoirs.
In Pierce Lake, prey species consumed were similar between years,
being dominated by gizzard shad and brook silversides (Table 4).
In contrast, muskellunge in Lake George consumed only cyprinids
and Lepomis spp. (Table 4). These differences between reservoirs
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occurred despite our evidence that the composition of young-of-
year prey were similar, with the exception that brook silversides
were not present in Lake George. Seine samples and supplementary
electrofishing samples found gizzard shad were the dominant prey
species in both reservoirs, followed by brook silversides,
cyprinids, and Lepomis spp. However, the mean size of young-of-
year gizzard shad in Lake George during fall (110 mm ± 2.4) was
nearly twice that in Pierce in either 1992 (62 mm ± 2.8) or 1990
(74 mm ± 5.4).
Total prey consumption varied among reservoirs and years.
Foraging success, as both percentage of fish containing prey and
as mean biomass of prey consumed, was lowest in Pierce Lake in
1990, intermediate in Lake George during 1991, and highest in
Pierce Lake in 1992 (Table 4). To evaluate the effect of prey
density on foraging success, data for medium and large
fingerlings were combined because there were no differences in
foraging success between the two size groups (ANOVA, £ = 0.56).
Evaluated across reservoirs through fall, foraging success
increased with density of young-of-year prey as indicated by
standard seine hauls (r = 0.99, £ = 0.003).
As with prey consumption, growth increment of medium and
large muskellunge fingerlings from stocking through fall was
lowest in Pierce Lake in 1990, intermediate in Lake George in
1991, and highest in Pierce Lake during 1992 (Table 4). Prey
density was also correlated with growth increment of both medium
and large muskellunge through fall (r = 0.93, £ = 0.006). Small
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sample sizes prevented monthly growth comparisons between medium
and large fingerlings in 1990 and 1991; however, higher survival
after stocking in Pierce Lake during 1992 allowed growth
comparisons through fall. In this reservoir, medium fingerlings
stocked earlier in the year were larger in mean length and weight
than large fingerlings at the end of fall (ANOVA, P < 0.001;
Figure 2).
Costs (US$) of rearing were higher for large ($17.33/fish)
than for medium ($12.90/fish) muskellunge fingerlings. Costs per
fish for public hatcheries will be considerably lower than those
for commercial dealers, but relative comparisons between size
groups should be similar. Cost per survivor was determined for
1990 and 1992 stockings, years with the most reliable mark-
recapture population estimates. For these years, average cost per
survivor through fall was higher for medium ($203.70) than for
large ($96.00) muskellunge fingerlings.
Discussion
Survival relationships among small, medium, and large
muskellunge were consistent in our study reservoirs despite
differences in predator and forage densities. In all three
reservoirs, small fingerlings showed the lowest survival,
followed by medium and large muskellunge. This general size-
specific survival pattern concurs with previous work with both
tiger muskellunge (Carline et al. 1986) and muskellunge (Johnson
1978; Hanson et al. 1986; Serns and Andrews 1986). Work in
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Wisconsin lakes have had some success with stocking of small
muskellunge fingerlings (Serns and Andrews 1986), though other
studies have found low survival similar to our results (Johnson
1978). In the present study, medium-size fingerling survival on
average was 57% that of large fish, lower than in previous work
(87%; Johnson 1982). Large fingerlings survived best and at
similar rates in both studies. Lower survival of small and medium
fingerlings in our reservoirs may be due to higher predation
mortality on these size groups by largemouth bass than by
northern pike (Serns and Andrews 1986) and other predators
commonly found in northern lakes.
We evaluated mechanisms influencing survival of stocked
muskellunge. Stocking mortality did not differ among size groups.
Predation losses to largemouth bass after stocking explained some
of the differences in survival among size groups. Losses from
these two sources did not explain all of the mortality of stocked
fish and other unidentified factors, such as natural mortality
and outmigration, may be important (Wahl et al. 1995). Predation
mortality was related to size of stocked fish. Our estimates of
predation mortality assume predator stomach contents represent 1
d of feeding. Water temperatures at stocking in our study
generally fell within a relatively narrow range (21-250C),
temperatures consistent with about a 24 hr evacuation rate
(Molnar and Tolg 1962; Hunt 1960; Beamish 1972). The exceptions
were large fish in Pierce Lake in 1990 (10oC) and small fish in
Lake George (28oC). These temperatures would have led to an
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overestimate of predation on large fingerlings and an
underestimate of predation on small fish in these stockings.
Fish size might also effect evacuation rates with smaller fish
being digested more quickly. Combined, these effects make
overall estimates of differences in predation mortality between
size groups relatively conservative.
Losses of large fingerlings to predation were always near
zero. In contrast, losses of small fingerlings were highly
variable, ranging from 4% to near 100%. Similarly, small (100 mm)
hybrid tiger muskellunge suffered 100% mortality, whereas 0%
mortality was found for large (250 mm) fish (Carline et al.
1986). Based on our results, it appears that a previous
conclusion for tiger muskellunge is also true for muskellunge:
only by stocking fish a 250 mm will losses to predation be
consistently reduced. System-specific characteristics of
largemouth bass populations, such as size structure, may be
responsible for variability within the small size group.
Total losses to predation for all size groups correlated
with largemouth bass density, which follows findings of a
density-dependent relationship between largemouth bass population
size and predatory mortality of tiger muskellunge (Carline et al.
1986). In addition, we found that mortality rates were related
to largemouth bass densities. Results from both studies,
however, were influenced by a relatively small group of data
points representing high predator densities. Additional
evaluations of losses to largemouth bass across a range of
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predator densities will be required to strengthen the predictive
ability of these relationships.
The prey base in Pierce Lake included brook silversides and
small gizzard shad. In contrast, because gizzard shad were too
large to be consumed by muskellunge in Lake George (Wahl and
Stein 1993), Lepomis spp. were the most abundant young-of-year
prey species available. Muskellunge diets reflected these
differences in prey composition and were dominated by gizzard
shad followed by silversides in Pierce Lake during both years,
whereas cyprinids and then Lepomis spp. were most important in
Lake George. These results support earlier work showing that
esocids prefer soft-rayed species such as gizzard shad and
cyprinids over centrarchids (Mauck and Coble 1971; Wahl and Stein
1988). Prey available to stocked muskellunge may have influenced
survival differences among reservoirs. The absence of brook
silversides and small gizzard shad in Lake George may have
contributed to the low survival of fish in this reservoir. Wahl
and Stein (1988) found esocid survival was higher in waters with
gizzard shad forage. Unlike Johnson (1982), we found a
relationship between available prey biomass and survival of
muskellunge, although minimum prey sizes (50 mm) included in his
prey estimates should have been smaller. Under conditions of
similar predator densities and prey species composition and size
(Pierce Lake 1990, 1992), we found prey density influenced
survival.
Differences in foraging success and growth among stockings
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of medium and large fingerlings also appeared to be related to
differences in prey availability. Because of the similarity in
the inshore substrate between study lakes, seining likely
provided good relative estimates of densities of young-of-year
prey species (Pierce et al. 1990), with the exception of gizzard
shad. Seining underestimates relative abundance of this species
(Johnson et al. 1988). However, seining did reflect qualitative
observations of gizzard shad abundance by electrofishing among
reservoirs, and we believe seining provided reasonable relative
comparisons of total prey abundance. The strong correlation
between prey density and foraging success parallels previous
field results for tiger muskellunge (Carline et al. 1986) and
those hypothesized for muskellunge (Serns and Andrews 1986). Wahl
and Stein (1988) found esocid growth was higher when gizzard shad
were available as prey. Similarly, we found growth to be greater
with gizzard shad (Pierce Lake 1992) than when only cyprinids or
centrarchids were present (Lake George 1991). The lack of growth
in Pierce Lake in 1990, despite the presence of adequately sized
gizzard shad and brook silversides, suggests that density of prey
may be as important as species composition.
Prey density and foraging success correlated with apparent
growth attained by muskellunge after stocking. Comparative growth
advantage between medium and large fingerlings also depended on
prey density. High forage density in Pierce Lake during 1992
resulted in a growth advantage for earlier stocked medium
fingerlings over large fish. Medium fingerlings attained a
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greater size than large fingerlings stocked one month later, a
result of rapid growth of medium fingerlings in the reservoir. A
similar growth advantage for 100 mm muskellunge over larger
fingerlings was attributed to competition for food in rearing
ponds (Serns and Andrews 1986). In contrast, when prey densities
in our reservoirs were lower, larger fingerlings that were
stocked later maintained their larger size through fall. Size,
time of stocking, temperature, and available forage likely
interact to determine growth for stocked muskellunge.
Management Implications
In general, large muskellunge fingerlings (Ž 250 mm) should
be stocked to maximize survival. Specific optimal sizes will vary
with characteristics of individual waters, such as predator
species, density, and size structure. In waters with predator
and prey populations similar to those encountered in this study,
small fingerlings (100 mm) have little or no potential for
supporting a fishery. Higher survival of large fingerlings is
caused at least partially by lower and less variable losses to
largemouth bass predation. As a result, waters with high
densities of largemouth bass capable of eating stocked
muskellunge should be avoided. Foraging success and growth of
muskellunge after stocking will be affected by both density and
species composition of appropriately sized forage fish. Earlier
stocked fingerlings have the potential to outgrow later stocked
fingerlings by fall with high forage densities, but not when prey
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densities are low. Even though earlier stocked fish can reach
larger sizes, survival will be lower. Cost/benefit analyses also
suggest that cost per survivor will be lower with large
muskellunge fingerlings than with medium fingerlings in
midwestern reservoirs. In contrast, previous work in Wisconsin
lakes found no increase in cost effectiveness for larger fall
fingerlings (Margenau 1992). Combined, these results suggest
cost effectiveness can vary substantially with predator
populations and prey conditions.
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Figure Captions
Figure 1. Mean catch per unit effort (CPUE) through fall from
three reservoir stockings each of small (100 mm only), medium
(200 mm) and large (250 mm) muskellunge fingerlings in Illinois.
Values are number of fish captured per hour from electrofishing
during each sampling week from stocking through fall. See text
for description of values for the 157 mm size group.
Figure 2. Mean lengths and weights after stocking for medium
(200 mm) and large (250 mm) muskellunge fingerlings in Pierce
Lake, 1992. Sample sizes > 5 for each collection period. Vertical
lines represent 95% confidence intervals.
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Appendix B
Effect of feeding experience on vulnerability to predation,
growth, and survival of esocids
Thomas A. Szendrey and David H. Wahl
Center for Aquatic Ecology
Illinois Natural History Survey and
Department of Ecology, Ethology and Evolution
University of Illinois
607 E. Peabody Drive
Champaign, Illinois 61820 USA
Abstract
We compared susceptibility to predation, survival, growth,
and food consumption of esocids reared on live and artificial
diets in reservoir, pond, and laboratory experiments. Previous
work with northern pike Esox lucius and muskellunge _.
masquinonqy reared on live forage has found higher survival and
lower vulnerability to predation than tiger muskellunge E.
masauinongy x E. lucius reared on artificial pelleted diets. This
may be due to innate differences in behavior or to feeding
experience. To evaluate these two hypotheses, we introduced equal
numbers and similar sizes (200 mm) of minnow and pellet reared
muskellunge (2 reservoirs) and tiger muskellunge (3 reservoirs).
Esocids reared on minnows exhibited higher prey consumption,
faster growth, and higher fall survival than pellet reared fish
of both taxa. Predation by largemouth bass Micropterus salmoides
explained a large portion of these survival differences;
vulnerability was higher for both muskellunge and tiger
muskellunge reared on artificial diets. Pond experiments (0.04
ha) with both tiger muskellunge (N=12) and muskellunge (N=6)
found no differences in survival for pellet and minnow reared
fish in the presence of largemouth bass. We examined several
potential mechanisms to explain differences between minnow and
pellet reared fish. Laboratory pool and reservoir experiments
indicate predation vulnerability was not affected by differences
in habitat selection, foraging behavior or dispersal rates.
2
Comparisons of color pattern between rearing types showed
differences in both absolute color and contrast between light and
dark markings that may influence susceptibility to predation. Our
results suggest that feeding experience should be considered in
development of esocid rearing programs.
(end of abstract)
Experience influences a wide variety of behaviors in
animals, including foraging (Rescorla and Holland 1976;
Shettleworth 1978). Experience with prey capture may have both
direct and indirect effects (Mittelbach and Chesson 1987) on
growth and survival in fishes. Feeding experience may directly
influence foraging behavior and increase foraging success (Godin
1978; Sosiak et al. 1979; Gillen et al. 1981; Werner et al.
1981), thus affecting growth. Alternatively, experience with prey
capture may indirectly influence survival; foraging success and
activity (Moore and Moore 1976) have been related to habitat
selection and risk to predation in fishes (Werner et al. 1983;
Gilliam and Fraser 1987). Foraging experience can vary among
individuals or populations in natural communities and can be
manipulated for introduced species. Thus, experience with prey
capture may influence the behavior, growth, and survival of
introduced fish.
Esocids are important fish species that have been used for
introductions to supplement heavily fished lakes and to create
3
fishable populations in waters outside their native ranges
(Klingbiel 1986). Esocid stocking efforts have exhibited variable
survival rates that have been affected by losses to resident
predators (Stein et al. 1981; Carline et al. 1986; Wahl and Stein
1989), availability of adequate prey (Wahl and Stein 1988), size
and timing of stocking (Hanson et al. 1986; Carline et al. 1986),
and stocking stress (Mather and Wahl 1989). These studies have
emphasized factors affecting survival after introduction, but
have not examined the importance of rearing methods used prior to
stocking. Feeding experience during rearing may impact stocking
success by influencing esocid behavior and survival.
Rearing techniques for esocids involve extensive culture in
ponds on live forage (Klingbiel 1986), or intensive culture in
tanks on artificial pelleted diets (Graff 1978). Previous studies
have attempted to compare the survival of extensively and
intensively reared esocids (Johnson 1978; Andrews 1983; Beyerle
1984; Forney and McKeown 1988). However, in each of these studies
either the size, time of stocking, or number of fish stocked were
not controlled adequately to allow unbiased comparisons of
survival (Wahl and Stein 1989). In addition, due to the
confounding effects of pond and trough rearing, these studies
provide little insight into the importance of feeding experience
alone in determining survival and growth.
Experience with prey capture during rearing may influence
growth and survival in esocids. Time to first prey capture is
lower for experienced than naive tiger muskellunge Esox
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tmasquinonqy x E. lucius (Gillen et al. 1981) and may affect
growth. Similarly, differential survival among three esocid taxa
has been related to vulnerability to predation (Wahl and Stein
1989). Tiger muskellunge reared on pellets suffer higher
predation mortality than muskellunge E. masquinonqy or northern
pike E. lucius reared on live forage. These differences among
taxa may be innate or may be affected by feeding history.
To examine to what extent feeding experience influences
growth and survival in esocids, we conducted simultaneous
reservoir introductions of fish reared on live and artificial
diets. Prey consumption, growth, vulnerability to predation, and
survival were quantified after each introduction. Additional pond
and laboratory experiments examined potential mechanisms
influencing differential growth and survival. Specifically, we
examined the effect of feeding history on habitat selection,
foraging success, and susceptibility to predation. With these
data, we make management recommendations regarding appropriate
rearing techniques to maximize growth and survival of stocked
esocids.
Methods
Reservoir experiments
Equal numbers and similar sizes (approximately 200 mm) of
experienced (minnow fed) and naive (pellet fed) esocids were
introduced simultaneously into four reservoirs in Illinois from
5
t1990 through 1992 (Table 1). A total of three introductions were
completed with tiger muskellunge and two with muskellunge. All
fish were reared intensively on artificial pelleted diets until
one month prior to stocking, at which time half of each stocked
group was converted to fathead minnows Pimephales promelas.
Esocids reared entirely on artificial diets were marked with
oxytetracycline for 10 d prior to stocking, whereas minnow reared
fish were unmarked. Oxytetracycline is incorporated into calcium
deposits and fluoresces under ultraviolet light (Wahl and Stein
1987), thus allowing esocids recovered from largemouth bass
stomachs to be distinguished as to rearing method. Esocids reared
on live versus artificial diets also received unique fin clips
(McNeil and Crossman 1971). Fish of each rearing type were graded
to match mean sizes (within 6 mm except in Pierce Lake) and
ranges (15-20 mm), and a sample was measured (nearest mm) and
weighed (nearest g) prior to stocking (Table 1). Mean lengths and
weights of pellet and minnow reared fish did not differ in one
introduction (Paris Lake, t-test, P > 0.13), but in other
introductions were slightly higher for either pellet fish
(Paradise Lake 1990 and 1992, P < 0.01) or minnow fish (Lake
George and Pierce Lake, P < 0.02). To avoid thermal stress, fish
were tempered to within 2°C of lake temperature before stocking
(Mather and Wahl 1989). A subsample of each stocked group was
held in three predator-free cages (N=15/cage) for 48 hours to
monitor mortality associated with stress from transport and
stocking.
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Susceptibility to predation was determined by examining
stomach contents of largemouth bass in each reservoir by use of
either stomach flushing (Foster 1977) or clear acrylic tubes (Van
Den Avyle and Roussel 1980). Largemouth bass were sampled by
electrofishing five shoreline transects equally spaced around the
entire perimeter of each lake the first three nights after
stocking, and once a week thereafter until esocids were no longer
observed in largemouth bass stomachs (Stein et al. 1981; Wahl and
Stein 1989). Muskellunge were not stocked in Pierce Lake until
January; as a result, predation estimates could not be conducted.
Population estimates of largemouth bass in each reservoir were
determined by Schnabel mark-recapture (Ricker 1975). Minimum
sizes of largemouth bass included in population estimates were
based on the maximum prey/predator ratio observed for esocids
recovered from largemouth bass stomachs in our study and in
previous work (0.75; Wahl and Stein 1989). The mean numbers of
minnow and pellet reared fish per largemouth bass stomach on each
date were multiplied by the number of largemouth bass in the
population to calculate the total number of each rearing type
eaten daily. Daily values were summed to estimate total predation
on esocids reared on live and artificial diets in each reservoir
(Stein et al. 1981, Wahl and Stein 1989).
To determine survival rates of introduced esocids, we
conducted Schnabel mark-recapture population estimates and
electrofishing catch-per-unit-effort sampling. Electrofishing
samples were collected at weekly intervals in the fall from
September through December and again in the spring from March
through June along the entire perimeter of each lake. Lengths and
weights were taken to compare relative growth rates of esocids
reared on live versus artificial diets. Stomach contents of all
fish collected were removed by stomach flushing, identified to
species, and measured. These data were used to compare prey
consumption of fish reared on minnows versus artificial food.
Pond experiments
Susceptibility to predation by largemouth bass of esocids
reared on either live or artificial diets was also examined in
pond (.04 ha) experiments. Rearing conditions and marking
techniques were similar to those described for reservoir
experiments. Experiments consisted of treatment (with largemouth
bass) and control (without largemouth bass) ponds. Ponds
containing largemouth bass (N=6) were used to examine relative
predation rates of fish reared on live versus artificial food,
whereas control ponds were used to monitor natural mortality.
Largemouth bass densities were higher than those typically
observed in natural systems, but were chosen to allow reliable
estimates of predatory mortality. Experiments with muskellunge
(N=6) were conducted during one year, whereas experiments with
tiger muskellunge (N=12) were conducted over two years. Equal
numbers of fish of each rearing type (N=25 of each) were added to
each pond. To collect largemouth bass and to evaluate survival of
esocids, ponds were seined at 2 d intervals, after which all fish
were returned to the ponds. Estimates of largemouth bass
predation were determined as in reservoir experiments. Ponds were
drained after 9 days to compare survival of esocids reared on
minnows with those fed artificial diets.
Laboratory experiments
Susceptibility to largemouth bass predation and habitat
utilization of esocids fed live and artificial diets was examined
in laboratory pool experiments. Each experiment consisted of two
minnow reared and two pellet reared fish of a single species.
Fish were marked with freeze brands and placed in a laboratory
pool (2 m diameter, 0.5 m deep) containing simulated vegetation
(250 stems/m 2 ) in one half of the pool (Savino and Stein 1982;
Wahl and Stein 1989). Habitat utilization and position in the
water column were recorded every 2 min during a 30 min
observation period. A single largemouth bass was then released
into the pool via a remote controlled door and observations made
until the first esocid was captured. We used seven largemouth
bass; each individual was used in seven or eight experiments
with tiger muskellunge and three or four experiments with
muskellunge.
To examine differences in foraging behavior, we completed a
second set of laboratory experiments which compared feeding
success and activity. One naive or experienced tiger muskellunge
was placed in a laboratory pool and acclimated for 24 h.
Experiments were conducted in pools that were either non-
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vegetated or completely vegetated. Five optimally sized fathead
minnows (37-43% of predator length, Gillen et al. 1981) were
acclimated in a 10 cm diameter opaque tube for 30 min, after
which time the tube was slowly lifted to release the minnows.
Capture efficiency and amount of time spent motionless,
searching, following, and handling prey were recorded for
individual fish using a Datamyte event recorder (Electro/General
Corporation, Minnetonka, Minnesota).
Throughout our field and laboratory experiments we observed
differences in color morphology between esocids reared on live
and artificial diets that could potentially influence relative
vulnerability to predation. These color differences were
quantified using an image analysis system (BioScan Incorporated,
Edmonds, Washington) which measures relative brightness along a
scale from black (grayscale value of 0) to white (255). Values
were recorded for individual tiger muskellunge (160-190 mm) of
each rearing type (N=12). Five point samples of luminance (area =
0.08 cm2 ) were obtained from the dark and light markings along.
the back of each fish. Fish were anesthetized and their position
fixed under uniform illumination (75 W fluorescent light).
Contrast was calculated for individual fish as the difference
between luminance values for dark and light bars.
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Results
Reservoir experiments
Prey consumption rates differed between experienced and
naive esocids after introduction into reservoirs. Because of
differences in how long each group could be collected after
stocking, we compared food habits only as long as both rearing
types were sampled. Across all five reservoir introductions, more
minnow reared fish had prey in their stomachs than did fish
reared on an artificial diet (Table 2; paired t-test, P < 0.05).
These results were obtained in spite of the fact that prey
species consumed were similar for minnow and pellet reared
esocids. Prey availability varied among reservoirs, allowing only
comparisons within an esocid taxa. Gizzard shad Dorosoma
cepedianum was the dominant prey item of tiger muskellunge in
Paradise Lake, comprising the majority of the diet of both minnow
(93%, N=78) and pellet reared (100%, N=33) fish. For muskellunge
in Pierce Lake, brook silversides Labidesthes sicculus and
various cyprinid species were most abundant in the diets of both
minnow (81%, N=272) and pellet reared (75%, N=89) fish.
Comparisons of food habits of minnow and pellet reared fish were
not possible in other reservoirs due to low sample sizes.
Differences in prey consumption influenced growth rates of
esocids reared on live versus artificial diets. Growth was
compared in two reservoirs in which sufficient numbers of both
groups were collected. High mortality and low sample sizes during
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fall sampling prevented comparisons of growth in other
reservoirs. We found substantial growth for minnow and pellet
reared tiger muskellunge, but not for pellet reared muskellunge
(Figure 1). Growth rates of tiger muskellunge reared on minnows
were higher in both length and weight (ANCOVA, homogeneity of
slope, P < 0.001) than those reared on artificial food through
five months (Figure 1). Similarly, growth of minnow reared
muskellunge also exceeded that of pellet reared fish in both
length and weight (ANCOVA, homogeneity of slope, P • 0.05) for
three months following introduction.
Survival was relatively low for fish reared on either live
or artificial diets. Catch-per-unit-effort (CPUE) during fall was
not significantly different between the two rearing types (t-
test, £ = 0.34), although values were higher for minnow reared
than for pellet reared fish in three of four reservoirs (Table
3). In the fourth reservoir, Lake George, CPUE was extremely low
and only one fish was recovered. In all reservoirs, minnow reared
fish persisted past the time when pellet reared fish were no
longer collected. Because of the low catch rates, mark-recapture
population estimates could be completed in only two of the four
reservoirs. In these two reservoirs, survival was higher for
minnow than pellet reared tiger muskellunge (14%, 3%
respectively) and muskellunge (46%, 24%; Table 3).
Losses to largemouth bass predation explained a large
portion of the observed differences in survival. More esocids
reared on pellet diets were recovered from largemouth bass
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stomachs in each reservoir than those reared on live forage
(Table 4). Similarly, the mean number of esocids per largemouth
bass stomach was higher across all sampling dates for fish reared
on pelleted diets (Figure 2). Combining these data with
population estimates of the number of largemouth bass, we
estimated that more esocids reared on artificial diets were lost
to largemouth bass predation (x = 49%, range 24-71%) than were
esocids reared on minnows (x = 15%, 6-26%; Figure 3; ANOVA, P =
0.02).
Because dispersal can influence predation rates of esocids
(Stein et al. 1981), we examined movements after introduction of
tiger muskellunge in Paradise Lake, 1990 and muskellunge in Lake
George. The number of each rearing type captured in the transect
nearest the stocking site was compared against those recovered in
all other transects. During the first week following stocking, we
found no difference in the numbers of minnow and pellet reared
fish captured in these two areas in either reservoir (chi-sqaure,
P >.40), indicating that dispersal rates of the two rearing types
were similar.
Pond experiments
Survival of esocids reared on live versus artificial diets
were also compared in ponds with and without largemouth bass
predators. Because survival between years was similar for tiger
muskellunge in both experimental and control ponds (homogeneity
chi-square, P > 0.09), values were combined for the two years. By
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comparing differences in survival between experimental and
control ponds, we found vulnerability to largemouth bass
predation did not differ significantly between minnow and pellet
reared tiger muskellunge (Figure 4; test of proportions, Zar
1974, f = 0.92) or muskellunge (P = 0.84).
To confirm survival estimates obtained from pond drainings,
seine samples were used to examine the number of each rearing
type consumed by largemouth bass. As for survival data, we could
not find differences in either the number of pellet (N=48) and
minnow (N=37) reared tiger muskellunge (chi-square, R > 0.20) or
pellet (N=12) and minnow (N=20) reared muskellunge (chi-square, P
> 0.30) recovered from largemouth bass. Total numbers of esocids
consumed by largemouth bass in individual pond experiments were
estimated by summing numbers of fish eaten on each sampling date
as in reservoir experiments. Mortality from largemouth bass
predation did not differ for either tiger muskellunge or
muskellunge (paired t-test, P > 0.05).
Laboratory experiments
Number of captures of pellet and minnow fed esocids by
largemouth bass did not differ significantly for either tiger
muskellunge (Table 5; chi-square, P > 0.85), or muskellunge (P >
0.50). Water column positioning also did not differ between
minnow and pellet reared muskellunge (test of proportions, P =
0.12). Tiger muskellunge reared on pellets, however, spent more
time low in the water column than minnow reared fish (P = 0.004;
14
Table 5). Both esocid species spent the majority of their time in
vegetated habitats, and selection of vegetated and open habitats
did not differ between pellet and minnow fed tiger muskellunge or
muskellunge (test of proportions, P > 0.07).
Foraging behaviors of naive and experienced tiger
muskellunge were also examined in laboratory pools. Capture
efficiency (number of captures divided by number of strikes) was
high (>70%), and did not differ between rearing types in both
vegetated and open habitats (Table 6; two-way ANOVA, P = 0.77).
Tiger muskellunge spent the majority of their time motionless or
handling prey, with lesser time spent searching for and following
prey (Table 6). For all behaviors, no differences in activity
were observed between naive and experienced fish in either
vegetated or open habitats (Table 5; two-way ANOVA, P > 0.43).
We observed qualitative and quantitative color differences
between the two rearing types. Minnow reared fish displayed a
greenish color typical of esocids, with dark markings (bars) on a
light background (Scott and Crossman 1973). Pellet reared fish
had similar markings, but were grayish in color. Grayscale values
for both light and dark bars were higher for pellet than minnow
fed tiger muskellunge (Figure 5; ANOVA, P : 0.02). Degree of
contrast between light and dark markings was also higher for
pellet than minnow fed fish (Figure 5; ANOVA, f = 0.02).
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Discussion
Behavior patterns displayed by animals can be either innate
or learned. Innate behaviors are instinctive skills that provide
distinguishing features of a species (Eibl-Eibesfeldt 1975). In
contrast, learned behavior patterns are developed through
experience (Rescorla and Holland 1976). Individuals adjust their
behavior to local conditions in response to experience, including
a functional category such as feeding (Shettleworth 1978). We
found that for esocids experience with feeding directly affected
both foraging success and growth and indirectly affected
vulnerability to predation and survival.
We observed discrepancies between laboratory and field
comparisons of food consumption. In reservoirs, higher prey
consumption was observed for experienced esocids than those
reared on artificial diets. Feeding experience did not appear to
influence prey selection, as diets were similar between rearing
types. In previous work with tiger muskellunge in aquaria, Gillen
et al. (1981) found time to first prey capture was lower for
experienced than for naive fish but that there were no
differences in capture efficiency between naive and experienced
tiger muskellunge. Capture efficiencies were also similar in our
laboratory pools, but unlike Gillen et al.'s (1981) work, we
observed no differences in time to first prey capture. However,
in both cases, conversion rates after the first day were high,
ranging from 80% in their work to 100% in our laboratory pools.
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Also, foraging success was similar in either vegetated or open
habitats in our experiments, as has been observed for northern
pike (Savino and Stein 1989). Combined, these laboratory data
suggest that major differences in foraging efficiency do not
exist between esocids reared on live versus artificial diets.
In contrast, work with other species in the laboratory
(Godin 1978; Werner et al. 1981) found experience with live prey
capture resulted in higher foraging efficiency or decreased
latency time than with inexperienced fish. In addition, formation
of search images for prey in rainbow trout Oncorhynchus mykiss
are influenced by foraging experience (Ware 1971). Similar to
other field studies (Sosiak et al. 1979), we found experience
with prey capture to increase food consumption in reservoirs.
Differences between laboratory and field results for esocids may
be due to differences in the sizes of these systems, affecting
predator and prey behavior and encounter rates with prey.
Relationships observed in the field are likely more reliable and
suggest foraging behavior of esocids can be affected by
experience acquired prior to introduction.
Prey consumption appeared to influence growth in reservoirs,
as experienced muskellunge and tiger muskellunge grew faster than
naive fish. Previous studies also found faster growth for
muskellunge (Forney and McKeown 1988) and tiger muskellunge
(Andrews 1983) reared on live forage than those fed artificial
diets, although data were potentially biased due either to
disparity in stocking time or low sample sizes. Faster growth of
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experienced fish may indirectly contribute to higher survival
through fall and reduce overwinter mortality (Carline et al.
1986).
We found five-fold higher survival for tiger muskellunge and
two-fold for muskellunge reared on live food than those fed an
artificial diet. Previous evaluations of esocid introductions
have indicated higher'survival after stocking for extensive
(minnow fed) than intensive (pellet fed) cultured fish (Johnson
1978; Andrews 1983; Beyerle 1984; Forney and McKeown 1988).
Comparisons with our work are limited due to the additional
effects of pond versus trough rearing and the lack of control for
number of fish stocked, size, and time of stocking in these
studies. In spite of our efforts to match sizes, we still
observed slight differences in length and weight between minnow
and pellet reared fish. However, differences in size were small
and did not systematically affect estimates of growth and
survival, as minnow reared fish did better in all reservoirs.
Differences in size were larger in Pierce Lake than in other
reservoirs. However, deleting data from this reservoir does not
substantially change our conclusions. Thus, our results appear to
corroborate the trends observed in previous studies that feeding
experience increases survival of introduced fish.
Predation accounts for a large portion of the mortality of
introduced esocids (Stein et al. 1981; Carline et al. 1986; Wahl
and Stein 1989), and was a major component of survival
differences between minnow and pellet reared esocids. Our field
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data showed four-fold higher vulnerability to predation for tiger
muskellunge and two-fold for muskellunge reared on an artificial
diet than those reared on minnows, parallelling differences found
in survival. In previous work with three esocid taxa, mortality
from largemouth bass predation was higher for tiger muskellunge
than either muskellunge or northern pike (Wahl and Stein 1989).
Hybrids were reared on artificial diets, whereas the parent
species were reared on minnows. Our results suggest these
differences in vulnerability to predation were due to rearing
technique rather than innate differences among taxa.
In contrast to field results, we did not find differences
in vulnerability to largemouth bass predation between esocids
reared on live versus artificial diets in pond or laboratory pool
experiments. Differences in size among reservoir, pond, and
laboratory systems may have caused these discrepancies. Encounter
rates with largemouth bass are increased and escape tactics of
esocids may be hindered by pond and pool boundaries. Ponds also
lacked vegetation, and densities of largemouth bass were higher
than in reservoir systems. Previous work with three esocid taxa
(Wahl and Stein 1989) found survival differences to be similar in
both reservoir and pond experiments. However, as in our work,
laboratory pool experiments failed to show the differences
observed in the field. Based on our reservoir experiments, we
feel that predation accounts for a majority of survival
differences between pellet and minnow reared esocids.
Explanations of differences in vulnerability to predation of
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pellet and minnow fed esocids might include behavioral,
physiological, and morphological factors. Behavioral factors did
not appear to influence vulnerability to predation in our
experiments. Foraging activity can affect predation risk (Werner
1983), but was similar between minnow and pellet reared esocids
in both open and vegetated habitats in the laboratory. Habitat
complexity has been shown to affect largemouth bass predation
success, being higher in open habitats (Savino and Stein 1982).
We hypothesized that esocids fed pellets from above might spend
more time in open habitats near the surface (Wahl and Stein
1989), thus increasing predation rates. However, habitat
selection did not differ between minnow and pellet reared esocids
in laboratory pools. Habitat selection does differ between tiger
muskellunge, muskellunge and northern pike (Wahl and Stein 1989),
suggesting innate differences among esocid taxa may be more
important in influencing habitat selection than learned behaviors
associated with rearing. Our laboratory results suggest that
differences in vulnerability to predation between esocids reared
on live and artificial diets are not influenced by differences in
behavior associated with foraging activity or habitat
utilization. However, these conclusions should be confirmed in
natural systems. Dispersal of esocids following stocking can also
affect relative predation rates (Stein et al. 1981). However,
dispersal rates of minnow versus pellet reared esocids were
similar in reservoirs, as was observed in previous work (Wahl and
Stein 1989).
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Physiological differences due to diet may exist between fish
reared on pellets and those reared on live forage, although we
did not evaluate them in this study. Because burst swimming speed
(Webb 1978) and endurance (Beamish 1978) can vary in fishes and
might affect vulnerability to predation, future work should
evaluate the role of physiological differences associated with
feeding.
Differences in color morphology between esocids reared on
live and artificial diets may influence vulnerability to
predators. Pigmentation can be as important as body morphology in
influencing prey selection in fish (Zaret 1972; Zaret and Kerfoot
1975). Minnow fed fish of both taxa had a distinct green color
that is typical of esocids (Scott and Crossman 1973). Conversely,
pellet fed fish of both taxa lacked the natural pigmentation of
those fed minnows; these fish were gray in color and had greater
contrast between markings than minnow fed fish. Fish coloration
is primarily controlled by skin pigments, and can be affected by
food items (Lagler 1977). Green color in fishes is partially
derived from yellow pigments, which are related to levels of
vitamin A and are acquired through food. Some vitamins
deteriorate rapidly in artificial diets and may result in
specific deficiencies (Lagler 1977). Absolute color and contrast
may have influenced detection of esocids by predators.
Differences in color in relation to background have been shown to
affect predation rates in fish (Donnelly and Whoriskey 1991).
Future work should determine if the differences in color we
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quantified between esocids reared on live and artificial diets
directly affect vulnerability to predation.
Management Implications
Experience with live forage resulted in higher prey
consumption, faster growth, lower vulnerability to predation, and
higher survival in esocids than for fish reared entirely on an
artificial pellet diet. As a result, feeding history should be
considered in the development of esocid rearing programs. Rearing
esocids on minnows for some period of time prior to introduction
will increase their survival and growth. Predation was a major
component of survival differences between pellet and minnow fed
esocids. We converted esocids to minnows one month prior to
stocking; future studies should examine whether effects on
vulnerability to predation may occur if fish are reared on
minnows for less than one month. Regardless, esocids reared only
on pellets should be stocked at the largest sizes possible to
reduce losses to predators (Carline et al. 1986; Wahl and Stein
1989) or stocked in waters with low densities and small sizes of
predators. Given the fast conversion times of naive esocids to
minnows, benefits associated with increased food consumption and
growth may occur after only a few days of feeding on live forage.
Exposure to minnows can be accomplished by rearing esocids
extensively on minnows in ponds, or by converting pellet reared
fingerlings to minnows in tanks. The pond environment may provide
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additional benefits to survival (Johnson 1978; Andrews 1983), and
comparisons of mechanisms influencing growth and survival in
extensive and intensively reared fish should be completed.
Tradeoffs exist between the higher costs of feeding esocids
minnows in the hatchery and the increased survival after
stocking. Bioeconomic work should examine whether the benefits of
higher survival exceed the higher costs associated with rearing
esocids on live forage.
The decision to use hatchery reared fish must be made
carefully and the potential risks of introductions have been
debated often (Koppelman and Philipp 1986; Wingate 1986; Hilborn
1992). However, once these decisions are made it is important to
maximize the contribution of hatchery reared fish. Converting
fish raised on artificial diets to live forage will increase
growth and survival, and should optimize hatchery production.
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Table 2. Number of experienced (minnow reared) and naive (pellet)
tiger muskellunge (TM) and muskellunge (MU) containing food (%)
after five reservoir introductions. Comparisons are for sample
intervals when both rearing types were collected.
Minnow Pellet
% with food % with food
Reservoir (year) Taxa (95% C.I.) N (95% C.I.) N
Paradise (1990) TM 51.4 (±11.4) 74 45.4 (±17.0) 33
Paris (1991) TM 9.5 ( ±8.8) 42 0 ( - ) 25
Paradise (1992) TM 40.0 (±30.4) 10 40.0 (±42.9) 5
George (1990) MU 21.4 (±21.5) 14 9.1 (±17.0) 11
Pierce (1992) MU 12.0 ( ±3.9) 266 7.9 ( ±5.6) 89
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Table 5. Vulnerability to largemouth bass predation and habitat
selection (open or vegetated, high or low positioning) of minnow and
pellet reared tiger muskellunge (N=53) and muskellunge (N=26) in
laboratory pool experiments. Number consumed is the percent of fish of
each taxa captured by largemouth bass that were either minnow or
pellet fed. Percent of observations in the two habitat types are also
shown for each taxa. Values in parentheses represent 95% confidence
intervals.
Tiger Muskellunge Muskellunge
Behavior Minnow Pellet Minnow Pellet
Number consumed (%) 48 (±13.8) 52 (±13.8) 43 (±18.3) 57 (±18.3)
Habitat Selection
vegetation (%) 73 ( ±2.1) 72 ( ±2.1) " 69 ( ±2.8) 72 ( ±2.7)
low (%) 89 ( ±1.5) 92 ( ±1.3) 94 ( ±1.4) 95 ( ±1.3)
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Figure Captions
Figure 1. Growth following introduction of experienced (minnow)
and naive (pellet) tiger muskellunge (Paradise Lake, 1990)
and muskellunge (Pierce Lake, 1992). Sample sizes are at
least 10 unless otherwise indicated. Vertical lines
represent 95% confidence intervals.
Figure 2. Numbers of minnow and pellet reared tiger muskellunge
recovered from largemouth bass stomachs on successive
sampling dates after introduction in Paradise Lake, 1990.
Figure 3. Mortality from largemouth bass predation as percent of
initial number stocked after three reservoir introductions
with minnow and pellet reared tiger muskellunge (Paradise
Lake 1990 and 1992, and Paris Lake) and one with muskellunge
(Lake George). Vertical lines represent 95% confidence
intervals.
Figure 4. Relative survival at draining in experimental ponds
(.04 ha) of experienced (minnow reared) and naive (pellet)
(N=25 each) tiger muskellunge and muskellunge. Experiments
consisted of treatment (with largemouth bass, N=6) and
control (without largemouth bass) ponds. Numbers of ponds
used are shown in parentheses. Vertical lines represent 95%
confidence intervals.
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Figure 5. Grayscale values of dark and light markings for minnow
and pellet reared tiger muskellunge (N=12 each) determined
by image analysis. Values range from zero (black) to 255
(white). Degree of contrast was determined by the difference
between light and dark values. Vertical lines represent 95%
confidence intervals.
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Appendix C
Effect of experience with predators on the behavior and
survival of muskellunge and tiger muskellunge
D.H. Wahl, D.F. Wojcieszak, D.F. Clapp, and C.S. Kolar
Illinois Natural History Survey
Kaskaskia Biological Station
R.R. 1 Box 157
Sullivan, II 61951
Abstract
We assessed predator acclimation as a technique to
improve post-stocking survival of muskellunge and tiger
muskellunge under the pressure of largemouth bass predation in
laboratory, pond, and reservoir experiments. Esocids 3-5 months
in age were twice exposed to feeding largemouth bass (250-300 mm)
for six hours, separated by a five day period. In laboratory
pools (with simulated vegetation over half of each tank),
experienced muskellunge and tiger muskellunge did not have higher
survival than naive fish. Experienced esocids, however, spent
more time in the vegetation, indicating that predator acclimation
did affect some behaviors. Muskellunge also spent more time in
the vegetation than tiger muskellunge after a fish was eaten by a
largemouth bass. In addition, muskellunge spent more time in the
upper water column than tiger muskellunge, explaining some of the
previous observations that tiger muskellunge are more vulnerable
to largemouth bas predation than muskellunge. However, unlike
vegetation use, experienced esocids did not spend more time in
the upper water column. In the pond and reservoir experiments,
the change in vegetation use for experienced esocids did not
result in higher survival. From our results, predator acclimation
did not appear to be effective in reducing predator losses and
increasing survival of stocked esocids.
Introduction
Muskellunge (Esox masquinonqy) and tiger muskellunge
(Esox masquinonqy x Esox lucius) are popular sport fish (Graff
1986). Native and non-native populations of muskellunge and
tiger muskellunge are found throughout the midwest (Crossman
1986). Due to heavy siltation and low dissolved oxygen in many
reservoirs and lakes, muskellunge are unable to reproduce (tiger
muskellunge are sterile). Furthermore, muskellunge and tiger
muskellunge experience heavy fishing pressure (Graff 1986).
Therefore, to maintain muskellunge and tiger muskellunge
throughout their range, regular stockings are required (Graff
1986; Wingate 1986).
Historically, esocid stockings have had highly variable
success (Graff 1986). Intense predation by largemouth bass
(Micropterus salmoides) has been found to be important in
determining losses of stocked fish (Stein et. al. 1981; Carline
et. al. 1986; .Wahl and Stein 1989). Stocking larger size
muskellunge (Szendrey and Wahl 1996) and tiger muskellunge
(Carline et. al. 1986), stocking in the fall when largemouth bass
feeding is decreased, and stocking in lakes with low predator
populations (Wahl and Stein 1989, Szendrey and Wahl 1996) have
been suggested to reduce predation on stocked esocids. However,
improving the predator avoidance capabilities of muskellunge and
tiger muskellunge could also improve post-stocking survival.
Though predator avoidance is considered innate in some
fishes (Pitcher 1986; Csanyi and Doka 1993), recent studies have
shown that avoidance capabilities develop for the young of other
fish species when they are in the presence of predators (Brown
1985). This suggests that predators serve as a cue for predator
avoidance tactics. Therefore, the artificial environment of a
hatchery, devoid of predators, may impede the development of
predator avoidance tactics in fish (Wiley et. al. 1993). In
fact, it has been shown that hatchery-reared chum salmon are less
cautious around a model of a predator than wild chum salmon
(Kanayama 1968). Furthermore, much like muskellunge stocking
programs, losing 25-50 percent of hatchery-reared salmonids to
resident predators is possible (Thompson 1966; Fresh and Schroder
1987).
Salmon and trout hatcheries have considered the use of
predator acclimation techniques (Maynard et. al 1995), whereby
fish are exposed to a predator prior to stocking. With this
technique, a small number of fish are eaten and it is
hypothesized that the survivors, having experienced a predator
eating some of their contemporaries either chemically (Magurran
and Girlingl986) or visually (Mathis and Smith 1993), will be
more likely to avoid predators when stocked. It has been shown
that salmon previously exposed to predators have higher survival
versus naive fish in laboratory experiments (Olla and Davis 1989;
Jarvi and Uglem 1993).
Given the potential of predator acclimation with
salmonids, this technique should be also evaluated for esocids.
In work with coho and chinook salmon, only the more vulnerable
3
coho salmon benefited from predator acclimation (Healey and
Reinhardt 1995). Since tiger muskellunge are more vulnerable to
predators than muskellunge (Wahl and Stein 1989), predator
acclimation needs to be evaluated for both muskellunge and tiger
muskellunge. Subsequently, to evaluate the potential of predator
acclimation for increasing the post-stocking survival of both
esocids, we conducted laboratory, pond and reservoir experiments.
Materials and Methods
All muskellunge and tiger muskellunge used in the
following experiments were obtained from Jake Memorial Fish
Hatchery in Manito, Illinois, through cooperation of the Illinois
Department of Natural Resources. The fish were all of a similar
size (100-115 mm (TL)) and were delivered to the Sam Parr
Biological Station in Kinmundy, Illinois during the later part of
June, 1995, held in laboratory re-circulation tanks and fed
pellet food until being used in the following experiments.
Laboratory experiment
Groups of 20 esocids (either muskellunge or tiger
muskellunge) were twice exposed to a single feeding largemouth
bass (250-300mm) for six hours, separated by a five day period.
Between exposures the fish were given a distinct dorsal freeze
brand as were a group of naive esocids (never exposed to a
largemouth bass). Following a five day recovery period after the
second exposure, two predator acclimated esocids and two naive
esocids were placed in five 2.5 m pools. Half of each pool had
yellow, hollow braided polypropolene rope anchored to the bottom
at 250 stems per square meter (Savino and Stein 1982), while the
other half of the pools was open water. Each pool also had one
feeding largemouth bass (250-300mm). The predator acclimated
fish and naive fish were put into a holding chamber (2L) in each
of the five pools; the largemouth bass was also held in a
separate chamber (12L). After 24 h the esocids and largemouth
bass were simultaneously released from their respective holding
chambers.
After release, the location in the tank (upper or lower
half of water column) and habitat use (vegetation or open water)
of the esocids was recorded every two minutes; this was done for
at least ten minutes or until the first esocid was eaten. We
recorded which type of fish (predator acclimated or naive) was
eaten first. One-half hour after the first fish had been eaten,
the location in the water column and habitat use of the remaining
esocids were recorded again for 10 minutes. We performed five
trials for each of the five largemouth bass for both muskellunge
and tiger muskellunge.
Pond experiment
Each of three ponds (0.4 ha) were stocked with four
largemouth bass (300-350 mm); previous studies have found
largemouth bass consume esocids up to 75% of their length (Wahl
and Stein 1989; Szendrey and Wahl 1995). Two weeks later, three
groups of 60 tiger muskellunge consisting of 30 predator
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acclimated fish (173 mm + 3.6) and 30 naive fish (175.2 ± 5.1) of
similar size (t-test, P=0.39) were stocked into each pond. To
predator acclimate the esocids, fish were divided into two
troughs at the hatchery; one trough had 15 largemouth bass (> 300
mm) that fed on the esocids for 72 h. Approximately 7% of the
esocids in the predator acclimation trough were eaten by the
largemouth bass, or each bass consumed > 1.5 esocid per day.
Predator acclimated esocids had a freeze brand on the left side,
whereas naive fish had a brand on the right side. After 7 d, the
ponds were drained and the surviving number of predator
acclimated and naive fish were recorded. Only tiger muskellunge
were tested in this experiment and the following lake stocking
because we could not acquire large numbers of muskellunge.
Reservoir stockings
To compare survival under field conditions, similar
numbers and sizes of predator acclimated tiger muskellunge and
naive tiger muskellunge were stocked simultaneously into Paris
Lake (Edgar Co, 66 ha) during fall 1994 and fall 1995 (Table 1).
Stocked fish were predator acclimated and branded in the same
manner as the pond experiments. Fish were tempered to within 5
OC of lake temperature before stocking to avoid thermal stress
(Mather and Wahl 1989). A sub-sample of each stocked group was
held in three predator-free cages (N=14 each/cage) for 48 hours
to monitor mortality associated with stress due to transport and
stocking.
Susceptibility to predation by largemouth bass was
determined by examining contents of largemouth bass stomachs with
clear acrylic tubes (Van Den Avyle and Roussel 1980), and
extracting any tiger muskellunge. Digested tiger muskellunge
could be identified because naive fish were marked with
oxytetracycline administered through the feed 10 d before
stocking; oxytetracycline is incorporated into calcium deposits
and fluoresces under ultraviolet light (Wahl and Stein 1987).
Largemouth bass were sampled by electrofishing the entire
perimeter of the lake the first three nights after stocking, then
once a week thereafter until no more tiger muskellunge were
collected from largemouth bass stomachs. The number of predator
acclimated fish and naive fish collected from bass stomachs on
each date were combined with the largemouth bass population
estimate to compute the total number of each rearing type eaten
daily (Wahl and Stein 1989).
The entire perimeter of the lake was sampled at weekly
intervals by electrofishing (240 V, AC) during fall (Sept-Nov)
and spring (March-May). All esocids collected were given a
caudal fin clip for Schnabel mark-recapture estimates.
Population estimates and catch-per-unit-effort data for predator
acclimated and naive tiger muskellunge were computed for the fall
and spring to compare relative surival rates.
Statistical analysis- Differences in the number of naive
and experienced esocids eaten in laboratory and pond experiments
was determined by a chi-square test. The behavioral differences
between naive and experienced esocids was examined by a 3
factorial ANOVA, with main effects of species, rearing type, and
time (before and after the first fish was consumed). Survival
from reservoir stockings were compared by chi-square and paired
t-test.
Results
Predator acclimating muskellunge and tiger muskellunge
did not affect survival of esocids in laboratory experiments.
When we compared the number of experienced and naive fish eaten
first by largemouth bass, there was no difference for muskellunge
(df= 1, P= 0.86) or naive tiger muskellunge (df= 1, P= 0.86)
(Figure 1). Predator acclimation did, however, have some effect
on behavior in the laboratory experiments. Vegetation use
differed between species and changed before and after a fish was
consumed. By comparing species and before and after a fish was
consumed, experienced esocids of both species spent more time in
vegetation than naive esocids (df= 1, F= 5.56, P= 0.02) (Figure
2). There was no interaction between species and rearing type
(i.e, experienced and naive fish). However, there was a
significant interaction between species and whether or not a fish
had been consumed (df= 1, F= 6.52, P= 0.02). Muskellunge and
tiger muskellunge spent a similar amount of time in the
vegetation before the first fish was eaten (P= 0.54); however,
muskellunge spent more time in vegetation than tiger muskellunge
after the first fish was eaten (P< 0.001). Unlike vegetation
use, there was no difference between experienced and naive
esocids in the time they spent in the upper half of the water
column. Esocids did, however, spend more time in the upper half
of the water column after the first fish was consumed (df= 1, P<
0.001) (Figure 3). Muskellunge also spent more time in the upper
portion of the water column than tiger muskellunge after the
first fish was consumed (df=l, P< 0.001).
In the ponds, survival of tiger muskellunge after 7d did
not differ between naive and experienced fish (df= 1, P= 0.07)
(Figure 4). Experienced fish (181.5 + 4.3) and naive fish (180 +
7.0) were similar in size (t-test, P=0.45) when the experiment
was ended.
In the reservoir stockings, stocking mortality was low,
with 95% of the experienced fish and 83% of the naive fish
surviving in mortality cages (df= 2, P= 0.43). There were low
numbers of esocids recovered from largemouth bass in both years.
In 1994, there were three naive and one experienced tiger
muskellunge recovered from largemouth bass stomachs, whereas in
1995, no esocids were recovered from largemouth bass stomachs.
Largemouth bass capable of eating stocked esocids were high with
population estimates of 433 (6.6/ha) (95% CI= 285-835) in 1994
and 622 (9.4/ha) (95% CI= 396-968) in 1995. There were not
enough recaptures of either predator-acclimated or naive tiger
muskellunge to estimate population size by mark recapture in
either year. However, the catch-per-unit-effort through time was
similar between experienced and naive fish both in 1994 (t-test,
p=0.79) and in 1995 (t-test, p=0.68; Figure 5). The total catch
for the fall for experienced and naive fish was also not
different in either 1994 (df= 1, p= .56) or 1995 (df= 1, p= .88).
Discussion
In our laboratory experiments we found no differences in
survival between experienced and naive fish for muskellunge and
tiger muskellunge. In addition to finding the opposite of what
we expected, our results were relatively powerful because we
completed a large number of replicates (25 each) and the variance
was low. Furthermore, Wahl and Stein (1989) were able to find
differences in behavior and vulnerability to predation among
esocid taxa with a similar number of replicates and in similar
size tanks. Conversely, our inability to find differences in
survival in our own work may be partially attributed to the size
of the tanks. Indeed, the effectiveness of anti-predatory
behaviors may be reduced by the close proximity of the predator
in laboratory pools (Szendrey and Wahl 1995).
Our tank experiments did allow us to assess whether or
not experienced fish demonstrated different anti-predatory
behaviors. The experienced esocids did indeed spend more time in
the vegetation than naive esoicids, indicating that predator
acclimation affects some behaviors. Furthermore, muskellunge
spent more time in the vegetation after the first fish was
killed, whereas tiger muskellunge spent less time in the
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vegetation after the first fish was killed. Increasing
vegetation use by muskellunge suggests an awareness of predators
that tiger muskellunge do not possess. The behavior difference
between the two esocids may partially explain why tiger
muskellunge are more vulnerable to largemouth bass predation
(Wahl and Stein 1989). Whereas.vegetation use did vary with
predator acclimation, but water column positioning did not.
Experienced and naive esocids spend similar amounts of time in
the upper water column. However, esocids spent more time in the
upper water column after the first fish was consumed (versus
before the first fish was consumed), but this behavior change
likely occurred because of the presence of the feeding largemouth
bass (as in Wahl and Stein 1989) and not because of the predator
acclimation technique.
Because there were differences in behavior of experienced
and naive esocids, we might expect to-see survival differences in
the field. However, we found no differences in survival between
experienced and naive esocids in pond and reservoir experiments
where fish were not constrained by pool walls. The pond
experiments provided direct estimates of losses to largemouth
bass. A high number of esocids were consumed by largemouth bass
in these experiments. To attain these esocid consumption levels,
each largemouth bass in the ponds would have had to eaten a
little over one esocid per day for each of the seven days, which
is not unreasonable given the feeding rates of the largemouth
bass at the hatchery predator acclimation session nor with
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published studies (Wahl and Stein 1989). Experienced and naive
tiger muskellunge were also handled in a similar fashion and
mortality is assumed to be low. Furthermore, ponds were drained
for several weeks prior to this experiment. Subsequently, there
were no other established predators. In addition, we never
observed bird predators near the ponds. Therefore, we conclude
that there was no effect of predator acclimation.
In the reservoir experiments, stocking mortatily was low.
The number of esocids recovered from largemouth bass stomachs
were too low for any useful estimates to be made of differences
between groups. Other studies have used similar techniques to
determine the predation vulnerability of stocked esocids
(Szendrey and Wahl 1995). These studies used similarly sized
lakes with similar largemouth bass densities and size
distributions and were able to measure substantial losses of
stocked fish to predation (Carline et. al. 1986; Wahl and Stein
1989; Szendrey and Wahl 1995). In fact, Szendrey and Wahl (1995)
used the same lake (Paris Lake) and found survival differences
between minnow and pellet-reared fish. In contrast to these
previous studies, the water temperatures were extremely warm (>
30.0 °C) when we stocked our fish and catch rates of both the
largemouth bass and esocids were low as fish likely moved to
cooler deeper waters where they were not vulnerable to
electrofishing. Though we had low catch rates for esocids around
the time of stocking, numbers increased through fall and there
appeared to be no differences in survival between experienced and
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naive tiger muskellunge. These catch rates are similar to other
studies (Wahl and Stein 1989; Szendrey and Wahl 1995). These
results, combined with the negative results from the laboratory
and pond experiments, suggests that predator acclimation is not a
viable technique for esocids.
Though our experimental protocol was similar to previous
work done with salmonids, the results were not (Kanayama 1968;
Olla and Davis 1989; Jarvi and Uglem 1993; Healey and Reinhardt
1995). These studies found higher survival for experienced
salmonids in the laboratory, and they also found differences in
survival between salmonid species. It has been shown that
between coho and chinook salmon, only the more vulnerable coho
salmon benefits from predator acclimation (Healey and Reinhardt
1995). Because tiger muskellunge are more vulnerable to
largemouth bass predation than tiger muskellunge (Wahl and Stein
1989), we expected them to benefit more from predator
acclimation. It does not appear that vulnerability to predation
affects success of predation acclimation in esocids.
Furthermore, it appears that for some species of salmonids,
juveniles previously not exposed to predators are able to learn
predator avoidance techniques, whereas esocids do not. Perhaps
salmonids are more plastic in their predator avoidance learning
because as an adaptation to the different predators they are
exposed to on their migration from headwater streams to the ocean
(Jarvi and Uglem 1993).
The esocid learning window for predators might be
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sometime before they are three to four months in age. The
esocids we worked with in the laboratory were three to four
months in age, whereas the fish we stocked in the ponds and
reservoir were five to six months old. Indeed, it has been shown
that predator avoidance develops during the first two months in
other lake-dwelling fishes such as largemouth bass, rock bass
(Amploplites rupestris) and pumpkinseed (Lepomis cibbosus) (Brown
1984). During this time period these fishes come in contact with
predators and avoidance tactics develop. Perhaps, further work
could examine beginning predator acclimation earlier in esocid
development. However, several studies have shown that esocids
need to be stocked at 250 mm or greater to survive (Carline et.
al. 1986; Wahl and Stein 1989, Szendrey and Wahl 1996). As a
result, exposures to predators would have to continue throughout
the time esocids are in the hatchery, because persistence of
predator acclimation will decrease over time (Colgan et. al.
1991). Until further studies on predator acclimation are
complete, management strategies should continue to focus on other
stocking and rearing techniques known to reduce losses of stocked
esocids to predation.
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Table 1. Stocking information and survival of predator acclimated (PA) and
naive (AN) tiger muskellunge in Paris Lake in 1994 and 1995. Predator
acclimated fish were exposed to largemouth bass for 72 hours three days
before stockin in mid-August. Each group was given distinct freeze brands
and sampled on successive weeks with electroshocking during fall (sept -
Nov). Values in parentheses are 95% confidence limits.
Fall Survival
Year Treatment Number Length Weight Effort(hrs) CPUE
1994 PA 1000 228 (+ 8.1) 99 (+ 6.9) 23.7 1.47
NA 1000 227 (± 9.4) 97 (+ 3.4) 1.26
1995 PA 1100 173 (+ 5.2) 90 (+ 4.6) 22.0 0.59
NA 1100 175 (+ 7.4) 92 (+ 7.2) 0.64
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Figure Captions
Figure 1. Percent of experienced and naive muskellunge and tiger
muskellunge eaten in laboratory pool experiments. Two
experienced and two naive esocids were placed in a 2.5m pool
with one largemouth bass: each pool had one half of its
bottom covered with simulated vegetation. Five largemouth
bass were each replicated five times for a total of 25
experiments each for muskellunge and tiger muskellunge.
Figure 2. Vegetation use for experienced and naive muskellunge
and tiger muskellunge before and after a fish was eaten by
largemouth bass. Two experienced and two naive esocids were
placed in a 2.5m pool with one largemouth bass: each pool
had one half of its bottom covered with simulated
vegetation.
Figure 3. Water column use (upper half%) for experienced and
naive muskellunge and tiger muskellunge before and after a
fish was eaten by a largemouth bass. Two experienced and two
naive esocids were placed in a 2.5m pool with one largemouth
bass; each pool had one half of its bottom covered with
simulated vegetation.
Figure 4. Survival of experienced (N=50) and naive tiger
muskellunge (N=50) in three ponds (0.4 ha) with largemouth
bass (N=3; 250-350 mm). Pond experiments ran for 7 d after
which time ponds were drained.
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Figure 5. Catch-per-unit-effort from electrofishing on successive
weeks after stocking during fall for predator acclimated
(PA) and naive (NA) tiger muskellunge in Paris Lake, 1994
and 1995.
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Appendix D
Comparison of food consumption, growth, and metabolism
among muskellunge: an investigation of
population differentiation.
David F. Clano and David H. Wahl
Kaskaskia Biological Station,
Center for Aquatic Ecology
Illinois Natural History Survey
R. R. 1, Box 157
Sullivan, IL 61951
Abstract. - We conducted laboratory evaluations of food
consumption, growth, and metabolic rate, as a function of water
temperature (50C - 27.5 0C), to examine how the young-of-year of
six different muskellunge Esox masauinonqv populations (Kentucky,
Minnesota, New York, Ohio, St. Lawrence River, and Wisconsin)
from three drainages might perform under various thermal regimes.
Relative food consumption (g-g 1 -d'1) and growth (gg'1'd* 1) were
similar among populations at lower temperatures (5 0 C and 100 C),
but at higher temperatures (15*C-27.50 C) fish from Wisconsin and
Ohio populations had higher consumption and faster growth rates
than fish from either Kentucky or the St. Lawrence River.
Metabolic rates increased with temperature, from 0.08 mg 02 g'-h' 1
at 50C to 0.25 mg O2 *g' 1 -h' 1 at 25°C, but few differences in
metabolic rates were observed among populations at any
temperature. Although we found bioenergetic differences among
muskellunge from these populations, they could not be explained
based solely on thermal adaptation or previously-defined genetic
groupings. Energetic differences among age-0 muskellunge have
important implications for conservation of existing esocid
populations and management of introduced populations.
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The stock concept assumes that fish species are subdivided
into groups consisting of one or more local populations, and that
genetic differences between these stocks are adaptive (MacLean
and Evans 1981, Philipp and Whitt 1991, Philipp et al. 1993).
Biochemical analyses are useful for discrimination among stocks
(Ihssen et al. 1981, Utter 1981), whereas physiological and life-
history traits, such as swimbladder gas retention (Ihssen and
Tait 1974), growth and fecundity (Luey and Adelman 1984), and
survival (MacLean et al. 1981), have been used both for
discrimination among stocks and to show adaptation of stocks to
different environments (Ihssen et al. 1981). Genetic,.
physiological, and other life-history differences among stocks
all have important implications for maximization of production
(MacLean and Evans 1981), conservation of genetic resources, as
well as management by species introductions.
Different stocks or populations of a single species of fish
often have evolved under different ecological conditions, such as
temperature regime (Fry 1971), and as a result may have acquired
different physiological characteristics through adaptation
(Philipp et al. 1993). For example, largemouth bass Micropterus
salmoides derived from northern populations have better growth
and higher survival in northern ponds than populations of
southern (Florida) largemouth bass or F1 hybrids of the two
groups (Philipp and Whitt 1991). These differences imply an
optimum life history pattern for different stocks of fish,
determined by the environment in which they have evolved.
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Introduction of fish not adapted to this specific environment
could result in reduced fitness (Philipp et al. 1993).
Conversely, fish are often introduced outside their native ranges
to enhance recreational angling. Information concerning
differences in survival, growth, maximum size, and overall
fitness would aid in determining the most appropriate fish stock
for use in a given situation.
Genetic differentiation and physiological adaptation among
fish stocks have been studied extensively in lake trout
Salvelinus namaycush (Ihssen and Tait 1974, MacLean et al. 1981,
Krueger et al. 1989) and largemouth bass (Philipp et al. 1983,
Philipp and Whitt 1991). Although semi-discrete stocks of
muskellunge Esox masauinonqy have been described based on
morphological (Scott and Crossman 1973) and biochemical
(Koppelman and Philipp 1986) differences, comparatively little
work concerning physiological adaptation has been conducted
relative to esocids in general and muskellunge in particular.
Bevelhimer et al. (1985) discussed possible adaptations among
congeneric esocids from different geographical locations and
thermal histories, but did not address intraspecific variation in
physiological parameters. Younk and Strand (1992) examined
differences in performance characteristics among adult
muskellunge, but only for a limited number of populations from a
small part of the native range.
Many studies have broadly examined physiological and life
history adaptations among fish stocks with respect to their
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importance in stock identification and management (Ihssen and
Tait 1974, MacLean et al. 1981, Utter 1981), but few have
specifically examined the energetic consequences of adaptation
among fish stocks. Species-specific bioenergetic models (Diana
1982, Rice and Cochran 1984, Bevelhimer et al. 1985, Wahl and
Stein 1991) provide an efficient means of evaluating the relative
importance of variables influencing growth of fish (Rice et al.
1983, Bevelhimer et al. 1985), and provide a useful framework for
investigating adaptation by fish stocks. Knowledge of the
influence of stock origin on important biological parameters
could improve the accuracy of these models and increase our
understanding of adaptation among fish populations.
The objective of the current study was to evaluate the
energetic characteristics of age-0 muskellunge from populations
previously differentiated using genetic (electrophoretic)
techniques. We compared food consumption, conversion efficiency,
growth, and metabolic rate of these populations as a function of
water temperature; differences in these variables among
muskellunge populations from within a single drainage (stocks)
should be small relative to differences between stocks.
Adaptation by each population, if it has occurred, should reflect
an optimum for the thermal environment in which it evolved.
Identifying energetic differences is important in defining and
conserving natural muskellunge populations, and in determining
the most appropriate populations for specific management
applications.
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Methods
Fish sources and handling. - We obtained age-0 muskellunge
from six populations (Table 1) representing their native range
(Scott and Crossman 1973). In our tests, muskellunge from the
Ohio River drainage are represented by Kentucky, New York, and
Ohio populations; muskellunge from the upper Mississippi River
drainage include Minnesota and Wisconsin populations; and
muskellunge from the Great Lakes drainage are represented by fish
from the St. Lawrence River. Genetic analyses have indicated
that differences exist among these populations at the molecular
level (Koppelman and Philipp 1986). Additionally, fish from each
drainage experience different thermal regimes. Fish from the
Ohio River (lowest latitude; Table 1) experience cooling degree
days (CDD; National Oceanic and Atmospheric Administration 1974)
of greater than 400 and heating degree days (HDD) of less than
6,500. Fish from the Great Lakes drainage (middle latitude)
experience CDD of 200-300 and HDD of 6,500-7,500. Cooling degree
days for Mississippi River populations (highest latitude) are
generally less than 200 and HDD greater than 8,000.
Muskellunge for laboratory experiments were produced at
hatcheries, using brood fish from each source (Table 1).
Artificial spawning was conducted in spring using 2-40 female
brood fish and 4-80 male brood fish per population in each year.
Ten or more female and male brood fish were used in most cases.
After hatching, fry from all parent fish at a given hatchery were
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mixed and stocked into hatchery ponds for rearing. We obtained
age-0 muskellunge from the hatcheries in July and August of 1991
and 1992; each population was tested in both years except the New
York population was examined only in 1991 and the St. Lawrence
population was examined only in 1992.
Muskellunge were held in fiberglass tanks in the laboratory at
approximately 20 0°C and fed fathead minnows Pimephales promelas.
Prior to each set of experiments, fish were acclimated to test
temperatures. Water temperature was changed at a rate of about
2oC-d"1 between ambient and test temperature, and fish were held
for 2 weeks at each test temperature before experiments began.
Fish were 7-12 months of age and of similar size (Table 1) when
tests were conducted.
Food consumption and growth. - Maximum food consumption,
conversion efficiency, and growth of muskellunge were examined at
test temperatures of 5, 10, 15, 25, and 27.5°C. Experiments were
completed in late summer through early spring, with test
temperatures corresponding to ambient environmental water
temperatures. Photoperiod was maintained at 12L:12D at 5, 10,
and 150C, and 14L:10D at 25 and 27.5°C, to simulate ambient
seasonal light levels (Evans 1984). Food consumption and growth
were measured in a recirculating system consisting of 40, 35-L
aquaria with temperature controlled through a central settling
reservoir. Fish (N=10) from each population were randomly
assigned to tanks within this system (one fish per tank).
Before they were tested, muskellunge were deprived of food for
1-3 d, depending on temperature, to empty stomach contents (Wahl
and Stein 1991), and were then measured in weight (g) and length
(mm). To determine consumption and growth, muskellunge were fed
fathead minnows ad libitum. Wet weights of minnows eaten by each
fish were recorded every 24 h to determine daily consumption
rates. Experiments lasted 2 weeks (Bevelhimer et al. 1985),
after which muskellunge were again starved and measured to
determine growth. Food consumption (C) was determined as grams
food consumed per gram mean (arithmetic) weight of muskellunge
per day (g'g-'d-1); conversion efficiency as change in grams wet
weight of muskellunge per gram of food consumed (gg'g1); and
relative growth (G) as change in grams wet weight of muskellunge
per gram mean weight of muskellunge per day (g'g'"dd'1)
(Bevelhimer et al. 1985, Busacker et al. 1990).
Metabolic rate. - Oxygen consumption tests were conducted to
determine routine metabolic rate (Bevelhimer et al. 1985), a
minimum measure above standard metabolic rate (Fry 1971, Brett
and Groves 1979). Tests were conducted in an environmental
chamber to control temperature and photoperiod. Levels of these
variables were the same as those used in previous tests. We
attempted to test ten fish from each population at each
temperature (range=3-11; > 5 in 83% of tests), and two to three
replicate tests were performed on each fish.
Closed-vessel respirometry was used to measure oxygen
consumption (Diana 1982, Bevelhimer et al. 1985). Measurements
were made by sealing each fish in a 2.3-L glass bowl covered by a
plexiglass lid. The lid was fitted with a polarographic
dissolved oxygen probe, water supply tube, and a suction tube to
flush the chamber. Chambers were filled from an aerated head
tank and flushed of waste products before and after each test.
Fish were deprived of food for 1-3 d to evacuate stomachs prior
to each test (Wahl and Stein 1991), and were transferred to test
chambers the day before experiments were conducted. Once a fish
was sealed inside the test chamber, a stirrer was activated for 3
min to thoroughly mix water inside the chamber. The stirrer was
again activated 3 min prior to completion of the experiment.
Records of oxygen levels inside the chamber were output to a
computer at 30-s intervals. Tests continued until adequate
measurements of oxygen consumption could be obtained (about 0.75-
1.5 h, depending on temperature; Bevelhimer et al. 1985).
Muskellunge were anesthetized, weighed, and measured at the end
of each set of tests, and metabolic rate (M) was calculated as
(C-C 2) • V'T-1,
where C1 and C. are the oxygen concentrations in the water before
and after the measurement period, V is the volume (L) of the
respirometer, and T is the time (h) elapsed during the
measurement period (Cech 1990). Seven to fourteen blank tests
were conducted at each temperature; blanks were subtracted from
calculated metabolic rate to correct for oxygen demand of the
measurement apparatus (Cech 1990).
Data analysis. - Parameters were compared among the six
muskellunge populations at five temperatures using a two-way
ANOVA (SAS Institute 1988). Population data were also combined
according to the three previously-described stock / drainage
groups (Ohio River, Mississippi River, Great Lakes); differences
among stocks at five temperatures were evaluated using a two-way
ANOVA. Multiple comparisons were made by least-squares means
(SAS Institute 1988). The significance level for all statistical
tests was P<0.05; probabilities for multiple comparison tests
were adjusted using the Bonferroni procedure.
Population clusters were determined within temperatures and
for all data combined using average linkage cluster analysis (SAS
Institute 1988). Mean values for consumption, growth, and
metabolic rate were used as inputs. Resulting clusters were
compared with previously-described stock groups.
Results
Food Consumption and Growth
Food consumption for fish from all muskellunge populations
increased with temperature from a low of less than 0.04 g-g'"-d'
at 5°C to a maximum of almost 0.14 gg'"-d'1 at 25°C (Figure 1).
As with consumption, growth of fish from all populations was
lowest at 5°C (less than 0.01 g'g'-d'1) and peaked at 25°C (0.05
g-gg1 d'1; Figure 2). Food consumption and growth data were
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combined to calculate conversion efficiency (change in grams wet
weight per gram of food consumed; g*g'1; Table 2). Differences
in conversion efficiency among muskellunge populations (ANOVA;
df=5,324; P=0.14) and previously-described stocks (ANOVA;
df=2,339; P=0.26) were not significant.
Differences in food consumption were related to population,
temperature, and their interaction (Table 3). Patterns among
populations of muskellunge across temperatures were generally
inconsistent with the hypothesis that these fish populations have
adapted to different thermal environments. We expected fish from
higher-latitude populations with shorter growing seasons to
consume more food at low temperatures than fish from lower-
latitude populations, and that the opposite would be the case at
higher temperatures. At 5°C, St. Lawrence River fish consumed
less food than fish from Wisconsin (Figure 1), but differences
among the other populations at this temperature were not
significant. At 250C, fish from both high (Minnesota, Wisconsin)
and low-latitude populations (New York, Ohio) consumed more food
than fish from Kentucky and St. Lawrence River populations. At
27.50, Ohio fish consumed more food than fish from both Minnesota
and New York. When individual populations were grouped by
previously-described stocks, differences were related to stock,
temperature, and their interaction (Table 4). At 150 and 250 C,
muskellunge from the Mississippi and Ohio River drainages had
consistently higher consumption rates than Great Lakes fish
(Figure 3).
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Relative growth followed similar patterns to consumption for
these populations. Differences in relative growth were again
related to population, temperature, and their interaction (Table
3). There were no differences in growth among populations at 50C
or 10°C (Figure 2). At 250C, fish from both high (Wisconsin) and
low-latitude populations (New York, Ohio) grew faster than fish
from Kentucky and St. Lawrence River populations. At 27.5 0 C,
Ohio fish grew faster than fish from both Minnesota and New York
(Figure 2). Differences in growth were also related to stock and
temperature (Table 4). Growth of muskellunge stocks followed a
pattern similar to that for consumption, with fish from
Mississippi and Ohio River groups growing faster than those from
the Great Lakes drainage at 150 and 250 C (Figure 3).
Metabolic Rate
Routine metabolic rate increased with temperature for all
muskellunge populations (Table 2). Metabolic rate ranged from
near 0.1 mg O-g' 1 -h'1 at 5°C to near 0.25 mg 02g'1'h"'1 at 250C and
27.5 0 C. As with consumption and growth, differences in metabolic
rate were related to population, temperature, and interaction
effects (Table 3), but overall there were fewer differences in
metabolic rate among populations than in consumption and growth.
Metabolic rates of fish from Minnesota and Wisconsin populations
were higher than those of St. Lawrence River fish at 10°C, and
Wisconsin fish had higher metabolic rates than St. Lawrence River
fish at 27.5°C. There were no significant differences in
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metabolic rate among muskellunge populations at 50, 150, or 250c.
Differences in metabolic rate were also related to stock,
temperature, and their interaction (Table 4); these differences
were particularly apparent at 100C and 150 C (Figure 3). At 100C,
metabolic rate of fish from the Mississippi River group was
higher than that of fish from the Ohio River and Great Lakes
drainages; at 15°C, only metabolic rates of Mississippi River and
Great Lakes fish were different.
Cluster Analysis
Average linkage cluster analysis of food consumption, growth,
and metabolic rate data from age-0 muskellunge revealed three
distinct population groups (Figure 4). Minnesota and New York
fish grouped closely, as did Ohio and Wisconsin fish. Fish from
the Kentucky and St. Lawrence River populations formed a
separate, distinct group.
Discussion
Physiological characters are useful for examining adaptation
by stocks or populations of fish to local environmental
conditions (Ihssen et al. 1981); temperature regime is an
important environmental variable with the potential to drive this
adaptation (Fry 1971). Differences in growth and survival
between largemouth bass derived from northern populations and
13
southern (Florida) largemouth bass are attributable to adaptation
to different thermal environments (Philipp and Whitt 1991).
Similarly, adaptation to seasonal variation in temperature may be
one explanation for differences observed in survival of lake
trout stocks in some Canadian lakes (MacLean et al. 1981).
Although we observed differences in consumption, growth, and
metabolic rate among six muskellunge populations across a range
of temperatures, the differences could not be explained on the
basis of thermal adaptation. In addition, muskellunge
populations that did show similarities in our tests were not
consistent with previous groupings based on morphological (Scott
and Crossman 1973) or genetic (Koppelman and Philipp 1986)
analysis.
We expected higher food consumption, greater conversion
efficiency, and faster growth for Minnesota and Wisconsin fish
(from higher latitude) at lower temperatures and for Kentucky,
New York, and Ohio fish (lower latitude) at higher temperatures.
These expectations assume that populations have evolved such that
age-0 fish maximize consumption and growth at ambient
temperatures. However, these relationships were observed in only
a few instances. For example, at 27.5 0 C, Ohio fish did have the
highest rate of food consumption, but Wisconsin fish had
similarly high rates and New York fish consumed less food than
fish from any other population. At 5°C, Wisconsin fish had the
highest growth rate as expected, but growth of Minnesota fish was
relatively slow. These results suggest that, at least for
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muskellunge, thermal adaptation may not be observable at the
population level.
Physiological characteristics were also inconsistent with
previous genetic analyses of muskellunge that were able to
separate these populations into three distinct subgroups
(Koppelman and Philipp 1986). We would have expected Kentucky,
New York, and Ohio populations to group closely, Minnesota and
Wisconsin populations to form a separate cluster, and St.
Lawrence River fish to form a third distinct group. We found
differences in physiological performance among these muskellunge
populations, but they did not strictly reflect genetic groupings.
For example, Ohio and Wisconsin muskellunge were physiologically
similar, but these fish were not close genetically.
Additionally, Kentucky and St. Lawrence River fish were often
most similar in our tests, but are not similar based on genetic
groupings (D. Philipp, Illinois Natural History Survey,
unpublished data).
Several possible explanations exist for the lack of agreement
between physiological analyses and expectations based on either
thermal adaptation or genetics. First, adaptation and
differentiation may not have occurred. Adaptation to
environmental heterogeneity depends on environmental "grain"
(MacLean and Evans 1981). Perhaps temperature is not
sufficiently variable across the natural range of muskellunge to
elicit an observable adaptive response. For example, largemouth
bass populations in the United States exist across a wide range
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of thermal environments, with cooling degree days (CDD) ranging
from 0 to 5,262 and heating degree days (HDD) ranging from 0 to
8,941 (Philipp et al. 1985). Muskellunge populations tested in
our study came from a much narrower range of thermal
environments; CDD of 50-868 and HDD of 4,550-9,199. Secondly,
differentiation among muskellunge populations may have occurred,
but been driven by environmental factors other than thermal
regime. Muskellunge may have originally occurred in riverine
environments, only secondarily adapting to standing waters at the
end of the Wisconsin glaciation (Crossman 1986). Both river and
lake populations of lake trout (Loftus 1958, Scott and Crossman
1973) and sockeye salmon Oncorhvnchus nerka (Rice et al. 1994)
occur, and constraints imposed by lentic versus lotic
environments may also be important for driving adaptation in
muskellunge populations (Lebeau 1992).
Alternatively, adaptation to local thermal regimes may not be
detectable in the types of tests we conducted. The parent stock
used might represent only a small range of the physiological
characteristics present in a muskellunge population (Koppelman
and Philipp 1986). However, we tested as many as eleven
individual fish per population, and the number of parent stock
used in producing fish was high in most cases. Additionally, a
necessary condition for determining differences among populations
is that fish have similar environmental histories (Ihssen et al.
1981). Although rearing conditions for age-0 muskellunge were as
similar as possible, unknown differences in thermal history
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during early stages of development may be important.
Differences we found were not consistent with a hypothesis of
thermal adaptation or with previous genetic groupings, but
observed differences among populations still have important
implications for conservation of native muskellunge populations,
as well as for introduction of muskellunge into waters where they
do not naturally occur. Koppelman and Philipp (1986) suggested
that management programs which supplement natural populations
with hatchery-produced individuals may compromise the genetic
integrity of those populations. Mixing of populations with
different physiological characteristics may also have negative
consequences, and the long-term effects of supplementing natural
muskellunge populations with hatchery fish need to be considered
before such introductions are made. Muskellunge are introduced
in areas where they have not previously occurred; in these
situations, knowledge of population differentiation could be
useful in planning stocking programs. Growth differences we
observed among age-0 muskellunge may affect initial survival,
influencing both losses to predation (Wahl and Stein 1989) and
over-winter survival (Bevelhimer et al. 1985, Carline et al.
1986). We have shown that the population with the fastest growth
will vary depending on specific thermal regimes, suggesting that
the temperatures of recipient waters be considered in choosing
the most appropriate population for introductions outside the
native range of the muskellunge. However, in addition to age-0
survival and growth, characteristics of adult fish - including
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variation in temperature preference, maximum final size,
distribution of energy intake to reproductive versus somatic
growth, and overall fitness - may differ among populations.
Additional evaluation of inter-population variation in these life
history attributes needs to be conducted before recommendations
can be made concerning the appropriateness of muskellunge
populations for use in given management applications.
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Table 3. Analysis of variance tests of the effects of
temperature and population on maximum food consumption (gqg'*-d"
1), relative growth (g-g''-d'1), and routine metabolic rate (mg
O2.g''h"1 ) of age-0 muskellunge. Sum of squares are Type III (SAS
Institute 1988).
Source of Degrees of Sum of F Pr>F
variation freedom squares
Maximum food consumption
Temperature
Population
Interaction
Error
4
5
19
324
0.446
0.012
0.011
0.053
685.93
15.33
3.50
0.0001
0.0001
0.0001
Temperature
Population
Interaction
Error
Temperature
Population
Interaction
Error
4
5
19
324
4
5
19
141
Relative growth
653.106
52.154
54.863
265.700
199.10
12.72
3.52
Routine metabolic rate
0.544 89.52
0.054 7.06
0.050 1.72
0.214
28
0.0001
0.0001
0.0001
0.0001
0.0001
0.0396
Table 4. Analysis of variance tests of the effects of
temperature and stock on maximum food consumption (g'g'-do1),
relative growth (g'g'-d'1), and routine metabolic rate (mg O2 g'o
i-h'1) of young-of-year muskellunge. Sum of squares are Type III
(SAS Institute Inc. 1988).
Source of Degrees of Sum of F Pr>F
variation freedom squares
Maximum food consumption
Temperature 4 0.444 548.25 0.0001
Stock 2 0.004 9.56 0.0001
Interaction 7 0.005 3.32 0.0020
Error 339 0.069
Relative growth
Temperature 4 612.545 147.95 0.0001
Stock 2 16.044 7.75 0.0005
Interaction 7 13.196 1.82 0.0823
Error 339 350.880
Routine metabolic rate
Temperature 4 0.359 57.04 0.0001
Stock 2 0.048 15.29 0.0001
Interaction 8 0.027 2.17 0.0328
Error 155 0.244
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Figure Captions
Figure 1. Maximum food consumption (g-g'1-d'1) of muskellunge from six
populations described in the text and Table 1. Values are means ± 95%
confidence intervals. Within each temperature, values that do not
share a common letter are significantly different from one another
(P<0.05). St. Lawrence River fish were not tested at 27.5 0C.
Figure 2. Relative growth (g-g,'d1 ) of muskellunge from six
populations described in the text and Table 1. Values are means ± 95%
confidence intervals. Within each temperature, values that do not
share a common letter are significantly different from one another
(P<0.05). St. Lawrence River fish were not tested at 27.50 C.
Figure 3. Maximum food consumption, relative growth, and routine
metabolic rate of three stocks of muskellunge at five temperatures.
Stocks correspond to those described in the text and Table 1.
Vertical bars are 95% confidence intervals. Consumption and growth of
Great Lakes fish were not evaluated at 27.5 0C.
Figure 4. Average linkage cluster for six muskellunge populations
from three stocks. Input data to the analysis were mean values for
maximum food consumption, conversion efficiency, relative growth, and
routine metabolic rate at each of four temperatures (5, 10, 15, and
25°C).
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Segment 7 Accomplishments
In this segment, we continued development of a bioeconomic model to assess
survival and cost/benefit for various sizes of muskellunge and tiger muskellunge
stocked in Illinois impoundments. In Job 1, the revised model allowed assessment of
the effects of bass density and size distribution, thermal stress at stocking, forage base,
and thermal regime on the survival/cost of stocked esocids. Results of these
simulations are presented in the final project report. In addition, we evaluated the
success of alternative stocking dates for different sizes of muskellunge and tiger
muskellunge, and the effect of rearing technique on benefit cost relationships. Future
simulations of the bioeconomic model can be used to make management
recommendations regarding stocking of esocids throughout Illinois.
In Job 4, we completed food habit and growth comparisons for extensively
reared tiger muskellunge and muskellunge. Data for all tiger muskellunge and
muskellunge stockings were summarized to compare growth and survival through four
years of reservoir stockings. Growth and food habit differences were not found, but
muskellunge showed better survival than tiger muskellunge. These analyses are more
fully discussed in the final report. Data were also summarized to compare growth and
food habits between extensive and intensively reared muskellunge in two reservoir
stockings. Extensively reared fish showed better growth and food conversion in one
stocking, but results were inconclusive for a second stocking. In Illinois reservoirs,
stocked esocids will be most successful in systems with a clupeid rather than a
centrarchid-dominated forage base.
In Job 6, we summarized and completed final analysis of data collected over a
seven year period for recommendations presented in individual jobs of the final report.
